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Executive Summary
A previous study evaluated the impacts of conventional and advanced cooling and
dehumidification equipment on residential indoor humidity levels and annual energy
consumption using whole building computer simulations. The life-cycle cost premium for the
various advanced systems was also estimated. The study results indicated that energy-efficient,
properly-ventilated homes in humid climates need equipment options or configurations that can
provide a modest amount of additional dehumidification capacity while coordinating their
operation with conventional cooling and ventilation systems.
The simulation study indicated that a standalone room air dehumidifier, used in conjunction with
a conventional air-conditioning system, can be a very cost-effective approach to providing high
humidity control on a life-cycle basis. In addition, coordination of controls between the
dehumidifier and air conditioner can help improve the distribution of conditioned air throughout
the house. Therefore, this dehumidification approach was further evaluated through the
construction and testing of a prototype air-conditioning system that can provide cooling and ondemand dehumidification.
The prototype system consisted of a standalone room air dehumidifier (nominal 50 pints per day)
integrated into a conventional residential air handling unit. The cooling coil of the conventional
air handler was recircuited so that a portion of the coil provided conventional cooling and
dehumidification, while the remainder of the original cooling coil served as the evaporator coil
for the dehumidifier subsystem. The prototype system was tested both in a laboratory setting and
at a field test site.
Performance measurements show that a considerable reduction in delivered sensible heat ratio
(SHR) is achieved when the integrated dehumidifier is operated in tandem with the main AC
system. Steady-state laboratory tests conducted at the ARI rating point for unitary air
conditioners (80°F dry-bulb temperature and 67°F wet-bulb temperature air entering the cooling
coil, 95°F dry-bulb temperature air entering the condenser coil) show that the SHR was reduced
from 0.75 to 0.63 with a corresponding increase in latent capacity from 7.27 MBtu/h to 9.57
MBtu/h (32% increase). Field test data show that integrated dehumidifier operation can
effectively reduce the maximum indoor relative humidity (by 8-9% RH for this specific site
during mild weather) compared to similar operating periods when the dehumidifier subsystem
was disabled. This report describes the design, construction, and testing of this prototype system.
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1 Introduction
Overview
Current air conditioners and heat pumps are generally compromise designs that meet equipment
rating conditions (ARI Standard 210/240) cost-effectively and work adequately in a variety of
climates. However, greater comfort and energy savings can be realized if units are designed for
specific regional climates. In particular, a unit optimized for hot-dry conditions can improve
efficiency by sacrificing dehumidification ability. And a unit optimized for hot-humid conditions
can increase dehumidification and comfort without “over-cooling” a space.
The California Energy Commission (CEC), through its Public Interest Energy Research (PIER)
program, co-funded the development of a residential air conditioner optimized for hot-dry
climates1. In addition, the New York State Energy Research and Development Authority
(NYSERDA) is sponsoring a project to develop an air conditioner optimized for northern
climates (short duration cooling season with relatively high peak loads that strain utilities and
electrical distribution systems). Task 4 of this NASEO/STAC project was intended to
complement the CEC and NYSERDA efforts by developing a residential air conditioner
optimized for hot-humid climates.
Initial work on Task 4 of this NASEO/STAC project included a study to evaluate the impacts of
conventional and advanced cooling and dehumidification equipment on residential indoor
humidity levels and annual energy consumption using whole building computer simulations2.
The life-cycle cost premium for the various advanced systems was also estimated. The study
results indicated that energy-efficient, properly-ventilated homes in humid climates need
equipment options or configurations that can provide a modest amount of additional
dehumidification capacity while coordinating their operation with conventional cooling and
ventilation systems. Several of the advanced dehumidification systems evaluated as part of the
study provided improved energy performance while maintaining proper indoor humidity levels,
but some had a high first cost which yielded relatively high life-cycle costs. The research team
believed that alternative designs for some of these options could be developed to reduce first
cost.
The Task 4 simulation study indicated that a standalone room air dehumidifier, used in
conjunction with a conventional air-conditioning system, can be a very cost-effective approach
to providing high humidity control on a life-cycle basis. In addition, coordination of controls
between the dehumidifier and air conditioner can help improve the distribution of conditioned air
throughout the house. Based on this information the 2nd phase of Task 4, development and
testing of a prototype air conditioning/dehumidification system, focused on integrating a
standalone room air dehumidifier and a conventional residential air handler into a single
package. Potential benefits of the integrated system include lower first cost, improved air
distribution due to supply air fan controls, and noise reduction (dehumidifier located in air
handler cabinet instead of standalone in the conditioned space).

1
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The following section (Section 2) of this report summarizes the design and construction of the
prototype unit. In addition, laboratory testing of the prototype and modifications to the unit based
on the test results are provided in Section 3. Finally, the prototype unit was installed at a field
test site and its performance was monitored from August through October 2007. Section 4 of this
report describes the field test site, measured parameters, test schedule, and analysis of measured
field performance.
The initial Task 4 building simulations and other recent research3 have confirmed that supply air
fan controls can have a significant impact on indoor humidity levels. Both the air flow rate
across the cooling coil during compressor operation and continued air flow across the coil after
the compressor shuts off can strongly affect indoor humidity. Therefore, in addition to the
development and testing of the prototype unit described above, a separate effort was undertaken
to develop an air handler fan controller that is responsive to indoor humidity levels, such that
humidity control and energy efficiency are both optimized. This separate development effort is
described in Section 5.

3
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2 Design and Construction of the
Prototype Unit
The prototype air conditioning/dehumidification system developed as part of this project
involved the integration of a standalone room air dehumidifier into a conventional residential air
handler (Figure 2-1). Under normal conditions, the prototype system operates as a conventional
direct-expansion air conditioner based on a thermostat signal. A room air humidistat measures
indoor humidity levels and activates the integrated dehumidifier only if indoor humidity exceeds
the set point value. This section of the report describes the design and construction of the air
handler portion of the prototype system. In addition, the performance of several system
components was measured both initially and after integration into the prototype air handler to
guide the development work. The results of these measurements and their impact on the final
prototype configuration are also described below.

Figure 2-1. Schematic of Prototype Cooling and Dehumidification Unit

Prototype Air Conditioner and Dehumidification System
Development of the residential prototype cooling and dehumidification system began with two
common systems: 1) a typical residential air handling unit selected to meet the cooling
requirements of a typical residence, and 2) a residential standalone room air dehumidifier used to
enhance the latent cooling capacity of the system and provide on-demand dehumidification when
required. These components are typically used separately in residential applications where the
AC system is controlled through thermostat operation and the room dehumidifier operates
independently based on humidistat controls integral to the dehumidifier.
Task 4.2 Prototype Design, Construction & Testing
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Selection of the air handler for the prototype system was guided by the results from the earlier
simulation study (Task 4.1 of this NASEO/STAC project). An electronically-commutated supply
air fan motor (ECM) was desirable to select an appropriate supply air flow rate for the prototype
air handler. An air handler with a slant coil configuration was preferred to allow room within the
cabinet for installation of the dehumidifier’s compressor, condenser coil, and fan assembly. The
only criteria used to select the standalone room air dehumidifier was that it have a
dehumidification capacity greater than or equal to 37 pints/day as determined in the previous
simulation study.
A Carrier model FK4DNF003 air handler and a Whirlpool model AD50USS0 50-pint per day
room air dehumidifier were purchased and disassembled for inspection. Both systems use R-22
vapor compression refrigeration equipment to cool and/or dehumidify an air stream. The
prototype air conditioner and dehumidification system integrated portions of the room
dehumidifier into the air handler cabinet while maintaining independent control of each system.
A schematic of the prototype system’s air handling unit is shown in Figure 2-2. Basically, the
existing slanted evaporator coil was re-circuited, with the upper portion (shown in black) being
devoted to the conventional direct-expansion cooling system and the independent lower portion
of the coil (shown in red) devoted to being the evaporator coil for the dehumidifier. The
dehumidifier’s condenser coil was installed directly above its evaporator coil in the direction of
air flow, and a dedicated dehumidifier fan was used to draw air through these heat exchangers
using a rectangular air plenum mounted on top of the condenser coil. The dehumidifier’s
compressor was also mounted within the air handler cabinet (lower left-hand corner). Details
regarding the design, initial testing, and construction of the prototype air handler are provided
below.

Figure 2-2. Schematic of Prototype Air Handler
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Standalone Room Air Dehumidifier
A 50-pint per day room air dehumidifier was purchased for use as parts for the integrated
cooling/dehumidification prototype system. Prior to disassembly, the performance of the room
dehumidifier was measured to characterize its airflow, capacity and dehumidification efficiency.
The sensible and latent capacities of the standalone dehumidifier were determined by measuring
air flow and the temperature/humidity of the air entering and leaving the unit. For airflow
measurements, a section of ductwork measuring four feet in length was connected to the air
discharge of the dehumidifier. A six inch iris damper was attached to the end of this duct. Room
air was maintained at 80˚F dry-bulb and 60% RH (rating conditions from ANSI/AHAM DH-120034). The dehumidifier was allowed to operate for a minimum of 30 minutes. Measurements
were then made while adjusting the iris damper through a step-wise range of iris openings.
Differential pressure readings across the iris damper at each damper opening were measured to
characterize air flow through the room dehumidifier. The dry bulb and dew point temperatures of
the air were also measured at the inlet and outlet of the dehumidifier. Dehumidifier performance
data was calculated using these measurements and the maximum volumetric flow rate measured
through the iris damper.
Performance data for this room air dehumidifier are shown in Figure 2-3. The maximum
volumetric air flow for this unit was measured at 120 cfm. At this flow rate and the measured
inlet and outlet air conditions, the dehumidifier removed 44 pints/day of condensate at a
measured power consumption of 630 Watts. The unit also generated 4072 Btu/h of sensible heat.
The dehumidification efficiency factor (EF) was calculated at 1.38 liters/kWh which compares
well with the manufacturer’s rated efficiency factor of 1.3 L/kWh. A simple heat balance was
also performed to compare the measured sensible heating capacity to the measured latent
capacity plus electric energy consumption (assuming all electric energy consumed by the
compressor is converted to sensible heat rejected through the dehumidifier’s condenser).

Figure 2-3. Performance Measurements for the Standalone Room Air Dehumidifier
4
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Integrating the Dehumidifier into the Conventional Residential Air Handler
The construction of the prototype air conditioning/dehumidification system began by removing
the compressor, compressor start capacitor, and expansion device (capillary tube) from the
standalone room air dehumidifier shown in Figure 2-4. All other components were discarded.

Figure 2-4. Standalone Room Dehumidifier (front and back views)
The next step of the integration process was to determine the refrigerant circuiting pattern for the
air handler’s evaporator coil. For the prototype system, the air handler’s original evaporator coil
was split into two portions. One portion serves as the cooling coil for the conventional AC
system and the other portion serves as the cooling coil for the integrated dehumidifier.
A schematic of the air handler’s original coil circuiting is shown on the left side of Figure 2-5.
The standard u-bends on the far side of the heat exchanger are shown as dotted lines. These ubends were simply connectors to adjacent tubes within each row of the heat exchanger. The ubends on the near side of the heat exchanger correspond to the circuiting required by the air
handler manufacturer and are shown as solid lines. Circuiting is shown in red and black
alternating patterns for clarity (i.e., a different color is used to signify a different refrigerant
circuit). In the original coil circuiting, these u-bends were arranged to produce six circuits with
an equal number of tubes (14) in each circuit. Each circuit was served by a refrigerant
distribution tube connected to the thermostatic expansion valve.

Task 4.2 Prototype Design, Construction & Testing

6

February 15, 2008

Figure 2-5. Prototype Heat Exchanger Coil Schematic
The right side of Figure 2-5 shows the modified evaporator coil circuiting along with the
integrated dehumidifier’s condenser coil and compressor. The lower two circuits of the original
evaporator coil were modified to create a single independent circuit which was used for the
integrated dehumidifier’s evaporator. The dehumidifier’s evaporator circuit u-bends were
connected to provide 2 rows of 6 tubes each. This arrangement was selected based on the finned
area of the room dehumidifier’s original heat exchangers (Figure 2-4). Several tubes were not
used (i.e., center six tubes at the bottom of Figure 2-5) in the modified design, which resulted in
the 5th circuit of the main HVAC cooling coil having only 10 tubes instead of the original 14
tubes. The four refrigerant circuits (14 tubes each) at the top of the original heat exchanger and
the modified refrigerant circuit (10 tubes) would create 5 individual circuits to serve as the main
AC system’s cooling coil. The sixth refrigerant distribution tube on the original heat exchanger
was crimped shut and brazed to complete the modifications to the refrigerant circuits.
Task 4.2 Prototype Design, Construction & Testing
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The modified coil and dehumidifier circuiting are shown in Figure 2-6. The dehumidifier’s
condenser heat exchanger is also shown and mounted directly above (in the direction of air flow)
the dehumidifier’s evaporator. This heat exchanger was selected based on the standalone room
air dehumidifier’s original condenser coil. The original condenser coil had 2- rows with a total of
20 refrigerant tubes and measured 9” x 9” in area. The prototype dehumidifier’s condenser
would be nearly twice as wide as the original heat exchanger. For this reason, a heat exchanger
with 2-rows and a total of 12 refrigerant tubes measuring 6”x17 ¾” was selected. The original
condenser coil’s had a fin spacing of 16 fins per inch, whereas the prototype dehumidifier’s
condenser coil was specified at 14 fins per inch. Specifications for this condenser heat exchanger
are shown in Appendix A.

Figure 2-6. Modified Evaporator Coil Circuiting and Dehumidifier Condenser Coil
The next step was to integrate the dehumidifier’s compressor and fan plenum onto the existing
evaporator coil frame. Although the existing space within the air handler was limited, there was
sufficient room to install the dehumidifier’s compressor beneath the evaporator coil. A small fan
was installed in a sheet metal fan plenum and mounted directly above the dehumidifier’s
condenser coil. Support brackets were installed to stiffen the existing frame and a mounting plate
was included for the small compressor. The compressor suction line header for the air handling
unit’s evaporator coil originally terminated at the bottom of the coil and was modified to allow
room for the dehumidifier’s condenser coil and fan to be mounted at the base of the coil. The
thermostatic expansion valve for the original evaporator coil was also moved upward along the
heat exchanger frame. The completed installation of the integrated dehumidifier’s compressor
and fan assembly is shown in Figure 2-7.
Task 4.2 Prototype Design, Construction & Testing
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Figure 2-7. Dehumidifier Compressor and Fan Plenum Mounted on Coil Frame

Refrigerant lines were then installed to connect the integrated dehumidifier’s compressor to the
dehumidifier’s evaporator and condenser coils. The capillary tube expansion device obtained
from the standalone room air dehumidifier was used to connect the integrated dehumidifier’s
condenser to its evaporator. A liquid line sight glass was installed at the outlet of the condenser
coil to aid in establishing the proper refrigerant charge for the dehumidifier. Although the small
compressor already contained an integral suction line filter, a second suction line filter was
installed to provide additional protection for the system. This second filter had a charge port
which allowed a pressure sensor to be installed to measure compressor suction pressure. A
charge port was also installed on the compressor’s refrigerant discharge line where a second
pressure sensor was installed. The main AC cooling coil and integrated dehumidifier were
assembled as a complete sub-assembly. The sub-assembly, shown schematically in Figure 2-8,
can be entirely removed from the air handler for repair or maintenance as needed. The completed
prototype is shown in Figure 2-9.

Task 4.2 Prototype Design, Construction & Testing
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Figure 2-8. Schematic of the Prototype Cooling Coil/Dehumidifier Subassembly

Figure 2-9. Air Handler for the Integrated Cooling/Dehumidification Prototype Unit
Task 4.2 Prototype Design, Construction & Testing
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Prototype Dehumidifier Air Flow
The volumetric air flow rate through the dehumidifier section of the prototype unit was measured
to compare with the one-time measurement of air flow rate through the standalone room air
dehumidifier (see Standalone Room Air Dehumidifier section above). A calibrated fan assembly
(Duct Blaster®) was connected to the fan outlet (Figure 2-8) and measurements made to
determine the volumetric flow rate through the dehumidifier section (with 0 inches of water
column external static pressure). Initial readings indicated only 80-90 cfm while the target air
flow was approximately 125 cfm at an estimated external static pressure of 0.5 inches water
column. Manufacturer’s specifications indicated that the fan selected for the dehumidifier section
of the unit should be capable of producing approximately 150 cfm at an external static pressure
of 0.4 inch water column. After various conversations with the fan manufacturer we ultimately
determined that incorrect specifications for this model had been posted on their web site. A
second fan was purchased and mounted along side the original fan. Although this choice
negatively impacted the efficiency of the dehumidification system, other streamline fans could
not be found on short notice and project time constraints forced the use of this configuration.
The second configuration was tested to determine the volumetric air flow produced by the dual
fan arrangement. Measurements showed a range of air flow of approximately 130 – 150 cfm
within the range of expected external static pressures. Figure 2-10 shows the results of the dual
fan volumetric air flow test. Refer to the Dehumidifier Air Flow discussion in Appendix B for a
complete description of the measurements made for this dual fan configuration and the
calibration procedure for measuring in-situ air volumetric flow rates. The prototype air handler
was then moved to the laboratory for additional testing.

Figure 2-10. Prototype Dehumidifier Air Flow Measurements
Task 4.2 Prototype Design, Construction & Testing
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3 Laboratory Testing
Detailed measurements of cooling and dehumidification performance were collected in a
controlled laboratory setting to better understand the benefits of the prototype air handler.
Seventy-eight (78) steady-state tests were completed to evaluate the performance of the
prototype unit: 30 tests measuring the air conditioner (AC) performance alone (integrated
dehumidifier inactive), 30 tests measuring the performance with the cooling coil and integrated
dehumidifier operating simultaneously, and 18 tests measuring integrated dehumidifier
performance alone (cooling coil inactive). The first steady-state test was conducted with airflow
through the integrated dehumidifier completely blocked in order to establish the desired air flow
rate through the cooling coil section of the prototype air handler during all subsequent testing. In
addition to the steady-state tests, other tests were performed to determine the cycling
characteristics of the prototype system. This section describes the test facility and experimental
setup, detailed measurements that were made, tests performed, and a summary of the test results.

3.1 Testing Facility and Experimental Setup
An existing laboratory facility was used to collect detailed measurements on the cooling and
dehumidification performance of the prototype air handler. The facility contains two
psychrometric chambers that were used to maintain various air conditions (dry-bulb temperature
and humidity levels) while testing system performance. The control room set up and outdoor test
chamber are shown in Figure 3-1 and Figure 3-2 below. The condenser section shown below in
the outdoor test chamber utilizes a variable-speed scroll compressor. This condenser unit was
mated to the prototype air handler during lab testing to readily establish the desired system
capacity (once established, the compressor speed remained constant for the rest of the lab tests).
A new single-speed condenser was mated with the prototype air handler for the field testing
portion of the study (Section 4).

Figure 3-1. Laboratory Control Room
Task 4.2 Prototype Design, Construction & Testing
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The indoor test chamber is shown in Figure 3-3 along with the prototype air handler prior to its
installation in the indoor test chamber. The figure shows the air flow measurement station and
electric steamer (chamber humidification source) in the left pane and the prototype air handler’s
vertical upflow configuration in the right pane.

Figure 3-3. Indoor Test Chamber and Prototype Air Handler
The laboratory facility is capable of testing air-conditioning systems with cooling capacities up
to 3 tons (10.5 kW) while maintaining constant temperature and humidity conditions as specified
in ASHRAE Standard 375. The instrumentation used in the lab is schematically shown in Figure
3-4. Numerous sensors were used to monitor the prototype air-conditioning/dehumidification
system with integrated dehumidifier, as well as a standalone room air dehumidifier with the same
make and model number as the one used to construct the prototype air handler. The
instrumentation and room controls were configured to allow for steady-state testing. The controls
for the indoor test chamber were programmed to maintain constant air temperature and humidity
levels using multiple heaters and an electric steam humidifier as the AC cooling coil and/or
prototype dehumidifier cycled on and off throughout the tests. Outdoor chamber air temperature
was maintained using a chilled water coil and a variable speed chilled water pump.

5
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Figure 3-4. Schematic of Psychrometric Chambers/Coil Testing Apparatus

3.2 Instrumentation and Monitored Variables
The test facility contains a dedicated laboratory-grade data acquisition and control system. The
facility is fully instrumented to monitor and maintain the desired chamber air conditions required
for each test. Additional instrumentation is used to measure the performance of the airconditioning system being tested. For this project, the system performance measurements were
collected at 1-minute intervals. The measured data were continuously transferred to a mainframe
computer for processing, storage, and analysis.
Table 3-1 below describes the monitored variables and instrumentation used to evaluate the
performance of the prototype air conditioning/dehumidification unit. Dry-bulb temperature
measurements were made using type-T thermocouples with an accuracy of ± 1˚F. Chilled mirror
hygrometers with an accuracy of ± 0.36˚F were used to measure the dew point temperature of air
entering and leaving the prototype air handler and the air leaving the integrated dehumidifier. Air
flow measurements were made by measuring the pressure drop across an ASME MFC-3M-1984
orifice plate. Air-side pressure measurements were made using differential pressure transducers
with accuracies of ± 1.0% of full scale (±0.025 in WC). Refrigerant pressures were monitored
using pressure transducers with ± 0.13% full-scale accuracy (± 0.325 psi). Electrical energy
consumption was measured using ± 0.5% watt-hour transducers. Condensate removal was
monitored using a rain-gauge tipping bucket with resolution of approximately 0.014 pounds of
water per tip (see Appendix B).
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Table 3-1. Data Points for Monitoring Prototype Air Handler & Standalone Room Dehumidifier
Description
Prototype air handler entering air dew point temperature
Prototype air handler entering air dry-bulb temperature
Prototype air handler supply air dew point temperature
Prototype air handler supply air dry-bulb temperature
Prototype air handler supply air fan power
Air volume flow rate through prototype air handler
Refrigerant pressure at AC coil outlet (compressor suction)
Refrigerant pressure at AC coil expansion device inlet
(condenser outlet)
Refrigerant temperature at AC coil outlet (compressor
suction temperature)
Refrigerant temperature at AC coil expansion device inlet
(condenser outlet liquid temperature)
AC coil compressor power
Prototype air handler condensate removal rate
Prototype air handler fan inlet static pressure
AC coil condenser entering air temperature
AC coil condenser leaving air temperature
Refrigerant pressure at integrated dehumidifier compressor
inlet (suction)
Refrigerant pressure at integrated dehumidifier compressor
outlet (discharge)
Refrigerant temperature at integrated dehumidifier
evaporator coil outlet (compressor suction)
Refrigerant temperature at integrated dehumidifier
condenser inlet (compressor outlet)
Refrigerant temperature at integrated dehumidifier
condenser tube u-bend (condenser middle)
Refrigerant temperature at integrated dehumidifier
evaporator coil expansion device inlet (condenser outlet)
Refrigerant temperature at integrated dehumidifier
evaporator tube u-bend (evaporator middle)
Air volume flow rate through integrated dehumidifier
Integrated dehumidifier power (compressor + fans)
Refrigerant temperature at standalone room dehumidifier
evaporator coil outlet (compressor suction)
Refrigerant temperature at standalone room dehumidifier
condenser inlet (compressor outlet)
Refrigerant temperature at standalone room dehumidifier
condenser tube u-bend (condenser middle)
Refrigerant temperature at standalone room dehumidifier
evaporator coil expansion device inlet (condenser outlet)
Refrigerant temperature at standalone room dehumidifier
evaporator tube u-bend (evaporator middle)
Standalone room dehumidifier power
Standalone room dehumidifier condensate removal rate
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Instrumentation
Chilled mirror hygrometer with sampling pump
Type-T thermocouple array
Chilled mirror hygrometer with sampling pump
Type-T thermocouple array
Watt-hour transducer
Calibrated orifice plate, pressure transducer
Pressure transducer
Pressure transducer
Surface-mounted type-T thermocouple
Surface-mounted type-T thermocouple
Watt-hour transducer
Calibrated rain gauge (tipping bucket)
Pressure transducer
Type-T thermocouple
Type-T thermocouple
Pressure transducer
Pressure transducer
Surface-mounted type-T thermocouple
Surface-mounted type-T thermocouple
Surface-mounted type-T thermocouple
Surface-mounted type-T thermocouple
Surface-mounted type-T thermocouple
Pitot tube, pressure transducer
Watt-hour transducer
Surface-mounted type-T thermocouple
Surface-mounted type-T thermocouple
Surface-mounted type-T thermocouple
Surface-mounted type-T thermocouple
Surface-mounted type-T thermocouple
Watt-hour transducer
Calibrated rain gauge (tipping bucket)
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Additional measurements were collected during these tests to identify test chamber control issues
associated with the test procedures. These measurements included monitoring the control voltage
sent to the heater and steamer load centers, the temperature of the chilled water holding tank, and
the control voltage sent to the variable speed chilled water pump. This additional information
was collected and stored at the same 1-minute interval as the monitoring points described in
Table 3-1 above. All sensors were verified or calibrated prior to testing (see Appendix B).

3.3 Description of Tests
Table 3-2 summarizes steady-state tests that were conducted to measure the performance of the
AC system alone (integrated dehumidifier inactive) and the performance measured when the AC
system and integrated dehumidifier operated simultaneously. The first steady-state test (Test #1)
was conducted with airflow through the integrated dehumidifier completely blocked in order to
establish the desired air flow rate through the prototype air handler during all subsequent tests.
As a result of this test, the air handler fan speed was adjusted to provide 930 cfm which
corresponded to a total cooling capacity of 27.9 MBtu/h. This fan speed setting provided an air
flow rate through the AC unit’s main cooling coil of 400 cfm/ton. After completion of Test #1,
the air flow blockage was removed from the integrated dehumidifier section but the air handler
fan speed remained unchanged for the remainder of the laboratory tests.
For subsequent steady-state tests, the AC system was turned on for a sufficient period of time
(typically 90 minutes) with continuous air flow across the cooling coil at the established air flow
rate of 930 cfm. For the odd-numbered tests, the integrated dehumidifier was not activated.
These tests were designed to measure the steady-state performance of the AC system alone. The
integrated dehumidifier was then turned on for a similar length of time and allowed to reach
steady-state conditions. These second (even-numbered) tests were designed to measure the
performance of the AC system operating in conjunction with the integrated dehumidifier.
Throughout this two-fold test procedure, a standalone room air dehumidifier was operated in the
indoor test chamber (adjacent to the prototype air handler) for comparison measurements.
The tests described above were performed for a total of 30 operating conditions using a
combination of three air handler entering air dry-bulb temperatures, four air handler entering air
dew point temperatures, and five condenser entering air dry-bulb temperatures. Measurements
were collected primarily to determine the performance of the prototype system over a wide range
of operating conditions. During these tests, additional information was gathered by comparing
the integrated dehumidifier measurements to those collected from the continually operating
standalone room air dehumidifier (e.g., operating pressures, temperatures, and dehumidification
efficiency at varying inlet air conditions).
In addition to these steady-state tests, another series of steady-state tests was conducted to
monitor the performance of the integrated dehumidifier operating alone (i.e., AC coil inactive,
see Table 3-3). These tests allowed a comparison of the integrated dehumidifier’s moisture
removal efficiency with that of the standalone room dehumidifier since the main AC cooling coil
was inactive during these tests.
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Table 3-2. Summary of Entering Air Conditions For Each Steady-State Test
Test Number
Outdoor
Chamber
Temperature
(°F)

Status of
Integrated
Dehumidifier
Subsystem

95
80
75
85
90

OFF
ON
OFF
ON
OFF
ON
OFF
ON
OFF
ON

Entering Coil Conditions (dry bulb/wet bulb, dew point
temperatures)
80/67°F,
60°F dp
1
2
13
14
25
26
37
38
49
50

80/70°F,
64°F dp
3
4
15
16
27
28
39
40
51
52

75/63°F,
55°F dp
5
6
17
18
29
30
41
42
53
54

75/65°F,
60°F dp
7
8
19
20
31
32
43
44
55
56

70/58°F,
50°F dp
9
10
21
22
33
34
45
46
57
58

70/61°F,
55°F dp
11
12
23
24
35
36
47
48
59
60

Table 3-3. Steady-State Test Conditions for Integrated Dehumidifier Operating Alone
Air Flow Rate
Through
Prototype Air
Handler
(cfm)
140
280
500

Test Number
Entering Coil Conditions (dry bulb/wet bulb, dew point temperatures)
80/70°F,
64°F dp

80/67°F,
60°F dp

75/65°F,
60°F dp

75/63°F,
55°F dp

70/61°F,
55°F dp

70/58°F,
50°F dp

61
62
63

64
65
66

67
68
69

70
71
72

73
74
75

76
77
78

In addition to the numerous steady-state tests, additional dynamic tests were performed to
investigate the impact of moisture evaporation from the wet cooling coil on prototype system
performance as the main AC cooling coil cycled on and off. Although these tests were not
specifically called out in the original test plan, they were performed to investigate supply air fan
control strategies prior to field testing of the prototype system (Section 4).

3.4 Test Results
Each test described in Section 3.3 was completed and the resulting measured data were reviewed
to determine if the test was valid. In some cases a given test was repeated several times until
operating conditions and test stability were maintained. The test results were summarized,
plotted, and analyzed in a number of different ways. The following sections show typical test
results and the standard data analyses that were performed.
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3.4.1 Steady-State Tests
Steady-State Performance
For each test outlined in the previous section, the measured data were collected, plotted, and
reviewed. The data were plotted consistently for each test performed. Data were grouped on
these plots to provide a quick method for reviewing each data set. The test results for Tests 1 and
2 are shown in Figure 3-5. This figure represents a “set” of tests where the AC unit was operated
alone and then operated in conjunction with the integrated dehumidifier. Results for all tests and
a detailed description for each measurement plotted are presented in Appendix C. Engineering
equations used to calculate specific information on these graphs are presented in Appendix D.
Laboratory measurements were grouped to represent specific measurements. Air dry-bulb and
dew-point temperatures entering and exiting the air handler were plotted on a single graph in
each figure. Likewise, the calculated capacity and system sensible heat ratio were also plotted in
a similar fashion. AC system refrigerant temperatures and pressures, AC system subcool and
superheat temperatures, along with the dehumidifier’s refrigerant pressures were grouped on a
single graph. Refrigerant temperatures and condensate removal for the prototype system’s
integrated dehumidifier and for the standalone room air dehumidifier were also grouped on a
single graph.
Numeric averages of key measurements during the last 15-minutes of each test were summarized
at the bottom of each graph. These averages were compiled in a spreadsheet for further analysis
(see Results Summary). If chamber air conditions were not maintained within reasonable limits,
or if the prototype AC/Dehumidification system was not operating properly, then the test
sequence was repeated.
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Figure 3-5. Example Graphs of Measured Data from Steady-State Laboratory Tests (Tests 1 and 2)
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Latent Capacity Verification
As previously described, two methods were used to measure the dehumidification performance
of the prototype AC system: 1) measure condensed water exiting the AC system, and 2) calculate
the system latent capacity using the psychrometric properties of air entering/leaving the unit and
the measured air flow rate. This section compares the latent capacity calculated using these two
methods.
The first method uses the measured condensate flow multiplied by the latent heat of
condensation for water (1065 Btu/lb, 2477 kJ/kg) to calculate the latent cooling rate. The second
method uses the measured humidity of air entering and leaving the coil along with the measured
air flow rate across the coil to calculate the coil’s dehumidification (latent cooling) rate.
Psychrometric routines were used to calculate the moist air humidity ratio at the entering and
leaving conditions based on the measured dew point temperatures. The results of the two
methods were compared for all tests when the coil reached steady-state operating conditions.
The resulting plot for all tests, shown in Figure 3-6, indicates relatively good agreement between
the two methods, although a slight deviation begins to occur as latent removal rates increase. The
data show that the air-side measurement of latent capacity is approximate 5% higher than that
measured by the tipping bucket at higher latent capacities. The grouping of the data also appears
to be linear as shown by the dashed red “average” line. The data shown in the figure are grouped
in two distinct sets. The upper group of data (i.e., greater than 4 MBtu/h) shown in Figure 3-6
represents Tests 1-60 as specified in Table 3-2. The lower group of data (i.e., less than 2 MBtu/h)
represents Tests 61-78 as specified in Table 3-3.

Figure 3-6. Comparing Steady-State Latent Capacity Calculated from Psychrometric State
Points and Condensate Removal Rates, all tests
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Results Summary
The measured steady-state performance data were compiled in tabular form for analysis and are
presented in Appendix E. These performance data represent the steady-state results for Tests 178 as shown in Table 3-2 and Table 3-3 above. In addition, a multivariate linear regression
analysis was performed using the performance data collected for Tests 1-60 to characterize the
total and sensible capacity of the air-conditioning/dehumidification system over the range of
operating conditions. The results of the regression analysis are discussed here.
Comparing the measured capacity for the prototype system when the integrated dehumidifier is
not operating with the measured capacity of the system when the integrated dehumidifier is
operating is a simple matter of applying the regression coefficients to the measured indoor and
outdoor chamber conditions for each test. In Figure 3-7 below, the measured total and sensible
cooling capacities are shown for Tests 1-12.
Capacity is plotted versus indoor chamber wet-bulb temperature. The target indoor chamber wetbulb temperature is also shown as a dashed vertical line. Notice the measured data (symbols) do
not line up exactly with the target indoor chamber wet-bulb temperature in many cases. The
regression analysis was used to adjust for the differences between actual test conditions and the
target test conditions. The output of the regression model is shown as a red dashed line in the
figure. In this figure, the regression model output was calculated based on the actual operating
conditions (i.e., measured indoor chamber dry-bulb and wet-bulb temperatures, and the measured
outdoor chamber dry-bulb temperature) to predict both the total and sensible cooling capacity for
comparison with the measured data.
The top, upward-sloping red dashed line on the graph represents the predicted total cooling
capacity for the prototype system when the integrated dehumidifier is not operating. The
measured data (blue diamonds) line up rather well with the target indoor wet-bulb temperatures,
as well as the predicted total cooling capacity determined using the regression model. The next
group of data (aqua circles) represent the measured total cooling capacity of the prototype system
when the integrated dehumidifier is operating. In this case, the measured data do not align as
well with the target indoor wet-bulb temperature; however, the data agree extremely well with
the regression model predictions. Both groups of data discussed thus far show that total cooling
capacity is a very strong function of indoor wet-bulb temperature when the outdoor chamber
condition is fixed.
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Figure 3-7. Measured versus Predicted Laboratory Results
The remaining sets of measured data and associated regression model predictions represent the
sensible cooling capacity of the prototype system with and without the use of the integrated
dehumidifier at three different indoor chamber dry-bulb temperatures. As with total capacity, the
sensible capacity is reduced when the integrated dehumidifier is operating. However in the case
of the sensible capacity calculations, the resulting capacity is a function of both indoor wet-bulb
temperature and indoor dry-bulb temperature at a fixed outdoor chamber dry-bulb temperature.
In addition, the majority of the data points are shown to agree extremely well with the regression
predictions. However, the data point for Test 8 is shown to miss the target indoor wet-bulb
temperature (pink square measurement near 64ºF indoor wet-bulb temperature). In fact, it is
1.3ºF lower than the target indoor chamber wet-bulb temperature while the indoor dry-bulb
temperature is shown to meet the target indoor dry-bulb temperature quite accurately (Appendix
E, Table E-1). This is a good example of how a relatively small difference in a single target
condition can cause a rather dramatic difference in the measured sensible capacity. Here again,
the regression model was able to adjust for the difference in test conditions and predict the
sensible cooling capacity at the actual test conditions to within 1% of the measured sensible
cooling capacity at those same conditions (see Appendix E, Table E-3).
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3.4.2 Fan Cycling Tests
Investigating Supply Air Fan Control Techniques
Previous studies have shown that a significant amount of moisture can be evaporated from a wet
cooling coil after the compressor has turned off6. This effect is most pronounced when
continuous supply air fan operation is used while the cooling coil cycles on and off to meet the
thermostat set point temperature. However, moisture evaporation from the wet cooling coil can
also occur when fan overrun techniques are used where the supply air fan operates for short
periods of time after the compressor turns off (e.g., 90 seconds). The rate at which moisture is
evaporated from the wet coil into the supply air stream is proportional to the air flow rate across
the coil during the compressor off cycle and the wet-bulb depression (difference between the
dry-bulb and wet-bulb temperatures) of the air entering the cooling coil.
For the prototype system, air flow across the main AC cooling coil while the dehumidifier
operates and the main AC cooling coil is off is of critical importance. Several tests were
conducted in the laboratory to investigate the impact of supply air fan operation during times
when a moisture laden cooling coil is inactive and the integrated dehumidifier is operating. An
operating sequence was programmed into the data acquisition and control system to operate the
main AC system compressor for 30 minutes and then turn the compressor off for an entire hour.
This cycle was repeated six times. The integrated dehumidifier operated throughout this entire
test sequence.
For the first two tests, the supply air fan was programmed to provide a system air flow rate of
140 cfm during the compressor off cycle. For the following two tests, the supply air fan provided
280 cfm. For the final two tests, the supply air fan provided nearly 500 cfm. The air flow rate
during the compressor on cycle was the same as that used during the steady-state tests described
earlier (930 cfm). The target test conditions were 80ºF indoor chamber dry-bulb temperature,
64.9ºF indoor chamber dew point temperature, and 95ºF outdoor chamber dry-bulb temperature.
These target test conditions and air flow rates closely approximate steady-state Test 4 in Table
3-2 and Tests 61-63 described in Table 3-3.
Figure 3-8 shows the measured data during these tests (i.e., the compressor cycles on and off
throughout the test sequence with the supply air fan operating at a reduced flow rate during the
compressor off cycle). The fan air flow rate is shown to be 930 cfm during the compressor on
cycle and is reduced to a lower flow rate when the compressor turns off. Note that the supply air
temperature (solid red trace near 65ºF at the start of the test and shown to increase to just over
100ºF during the first compressor off cycle) is shown to rise quickly during the first two
compressor off cycles. The supply air temperature is measured after the supply air fan and
represents the average temperature of the supply air stream (i.e., includes the impact of the
integrated dehumidifier and moisture evaporation from the main AC cooling coil). During the
subsequent compressor off cycles the rise in supply air temperature is slower, partly due to the
evaporation of moisture from the main AC cooling coil. As the system air flow rate during the
compressor off cycle increases, the rate of moisture evaporated into the air stream from the wet
cooling coil also increases.

6
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Figure 3-8. System Temperatures and Air Flow for Fan Cycling Tests
To further investigate the impact of off-cycle air flow rate on overall system performance, the
measured air-side latent capacity and the latent capacity based on measured condensate removal
were reviewed during the main AC compressor off cycle. Figure 3-9 shows the air-side total,
sensible, and latent capacity for the fan cycling test described above. Supply air fan inlet static
pressure, total system SHR, and latent capacity based on condensate are also shown here. Note
that the total system SHR during the first compressor on cycle is equal to 0.54 which
corresponds well with the measured steady-state SHR for Test 4 (SHR = 0.5) shown in Appendix
E, Table E-1.
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Figure 3-9. Capacity Measurements for Fan Cycling Tests
The latent capacity based on measured condensate removal (green solid line) and the measured
air-side latent cooling capacity (red solid line) are shown to be significantly different in this
figure. At the end of the first and second compressor off-cycles, where the off-cycle supply air
fan flow rate was set to 140 cfm, the average latent capacity based on condensate was measured
at 1.9 MBtu/h and 1.8 MBtu/h, respectively. This condensate-based latent capacity is primarily
due to integrated dehumidifier operation during the main AC compressor off-cycle. However, the
air-side latent capacity during the first and second compressor off cycles was measured at a
much lower rate of 0.43 and 0.3 MBtu/h, respectively, and represents the net latent capacity
delivered to the building. The difference in air-side latent capacity and that measured by
condensate removal emphasizes the impact of moisture evaporation from a wet cooling coil (i.e.,
the main AC cooling coil when its compressor cycles off). Any significant air movement over a
wet cooling coil causes moisture to evaporate into the supply air stream.
The comparison of the air-side latent capacity measurement and that measured by condensate
leaving the unit during the compressor off cycle is extremely important since most residential
AC systems use a cycling supply air fan strategy. The main AC cooling coil retains a significant
amount of moisture due to the previous compressor on cycle. During the compressor off cycle,
the air flow over the main AC cooling coil causes a portion of the moisture on the coil to
evaporate into the supply air stream. The result is a diminished “net” latent capacity delivered to
the home. For the subsequent tests, this diminished “net” latent capacity is even more
pronounced when the air flow over the main AC cooling coil is increased as shown in the
subsequent four cycles. At the higher supply air flow rates, the measured data show that the AC
system is actually humidifying the home for a period of time. During the third and fourth
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compressor off cycles, the net latent capacity is shown to be approximately -1 MBtu/h during the
first half of these off cycles. This is equivalent to adding approximately one pound of moisture
per hour to the home. During the last two tests, this rate is shown to double. In all cases, the
moisture evaporation from the main AC cooling coil continues until the moisture has completely
drained from the unit or has been completely evaporated by the movement of air across the coil.
This test shows that the lowest possible supply air flow rate should be used when the integrated
dehumidifier operates and the main AC system is off. When a cycling mode (AUTO) fan
strategy is used, the supply air flow rate through the prototype air handler during the compressor
off cycle should be less than or equal to the air flow rate through the integrated dehumidifier to
minimize air flow over the AC system’s moisture laden coil. This would ultimately provide a
positive net latent capacity (i.e., dehumidification) to the home even when the main AC cooling
coil retains a significant amount of moisture after the compressor turns off.
The average off-cycle latent capacity is shown in Table 3-4 for each of the 6 fan cycling tests
conducted. The average psychrometric latent capacity is calculated during the first 30-minutes of
the compressor off-cycle, the entire 60-minute compressor off-cycle, and the last 5-minutes
during the main AC compressor off-cycle. As shown in the table, only the lowest air flow rate
results in a measured latent capacity suitable for dehumidification applications. The remaining
tests show that using higher supply air flow rates during the AC compressor off-cycle results in a
humidification process and would tend to increase indoor relative humidity levels.
It is also of interest to note that the average off-cycle latent capacity during the last 5-minutes of
the AC compressor off-cycle show that a significant amount of moisture still remains on the
main AC cooling coil for tests 1 and 2. This is identified by comparing the off-cycle latent
capacity measured during the last 5-minutes of these tests with the psychrometric latent capacity
measured during steady-state Test 61 in Appendix E, Table E-2 (1.55 MBtu/h). The moisture
evaporation process results in a diminished “net” latent capacity when the main AC cooling coil
retains moisture and the integrated dehumidifier operates while the main AC compressor is off.
This process continues until the moisture on the main AC cooling coil has been completely
eliminated. The subsequent tests show that the moisture on the main AC cooling coil has been
nearly eliminated by the end of the AC compressor off-cycle (Tests 62 and 63 in Appendix E,
Table E-2 show a steady-state psychrometric latent capacity of 1.93 MBtu/h and 2.08 MBtu/h,
respectively). Also note that the inlet conditions to the integrated dehumidifier during these tests
were significantly different than those used during the steady-state performance tests shown in
Appendix E.
Table 3-4. Average Off-Cycle Latent Capacity for Fan Cycling Tests
Main AC
Supply Air
Compressor Flow Rate
Off-cycle
(cfm)
1
2
3
4
5
6

140
140
280
280
500
500

Average Off-Cycle
Latent Capacity
First 30-minutes
(MBtu/h)
0.86
0.48
-0.70
-0.85
-1.69
-1.75

Task 4.2 Prototype Design, Construction & Testing

26

Average Off-Cycle
Latent Capacity
Entire 60-min interval
(MBtu/h)
0.65
0.34
-0.11
-0.15
-0.15
-0.17

Average Off-Cycle
Latent Capacity
Last 5-minutes
(MBtu/h)
0.43
0.30
1.53
1.41
1.51
1.83
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4 Field Testing
Following completion of laboratory testing, the prototype air handler was moved to a field site
for further testing. The prototype air handler and a newly-purchased condensing unit were
installed as a typical split-system air conditioner. Attic supply duct work was connected to the
centrally-located prototype air handler for distribution of air throughout the test building. A
digital thermostat and analog humidistat were connected to the prototype system for control.
Instrumentation was installed to collect performance information similar to that collected in the
laboratory. This section describes the field test site, prototype system installation, system
controls, instrumentation and monitored variables, and test results.

4.1 Field Test Site Description
The field test site selected for this portion of the project was the Manufactured Housing
Laboratory located at the Florida Solar Energy Center in Cocoa, Florida. Shown in Figure 4-1,
this single-story facility is a 1,600 ft2 ENERGY STAR® manufactured home that serves as a
training center and building science laboratory.

Figure 4-1. Manufactured Housing Laboratory
This double wide manufactured home has three bedrooms, two baths, and fully functional
kitchen appliances. An automated control system operates lighting, showers, and other
equipment on a daily schedule to represent typical occupied internal loads. The home is set
above a 4-foot sealed crawl space. Insulation levels for the roof, walls, and floor are R-30, R-19,
and R-11, respectively. The windows are single hung double pane tinted with aluminum frames.
Table 4-1 shows the field test site characteristics compared to the properties for the HERS
Reference house simulated during a previous phase of this project task7.
7
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Table 4-1. Exterior Wall Insulation Levels and Window Properties
HERS
Reference
R-Value
(h-ft^2-F/Btu)

Wall
Ceiling
Floor
Window

U-Value
(Btu/h-ft^2-F)

Manufactured Housing
Laboratory
SHGC

11.2
24.9
13.0

R-Value
(h-ft^2-F/Btu)

U-Value
(Btu/h-ft^2-F)

SHGC

0.81

0.7

11
30
11
0.75

0.4

This custom home also has two independent air distribution systems. One duct system is
mounted beneath the floor and the other installed in the attic space. This provides for specialized
HVAC performance measurements and allows alternate duct systems to be used during training
classes. For this project, the attic duct system was used during the field test of the prototype
cooling/dehumidification system and represents typical residential construction in the
Southeastern United States. The building floor plan is shown is Figure 4-2.

Figure 4-2. Manufactured Housing Laboratory Floor Plan

4.2 Instrumentation and Monitored Variables
The prototype air-conditioning system and other areas within the field test site were instrumented
and monitored for an extended period of time to collect information on system performance,
energy consumption, and the resulting indoor temperature and relative humidity.
Information similar to what was collected in the laboratory was also collected in the field to
allow comparison of laboratory and field performance data. Table 4-2 through 4-4 show the
monitored variables collected for the main AC system, integrated dehumidifier, and indoor
conditions, respectively.
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Table 4-2. Main AC System Monitored Variables
Description
Outdoor air dry-bulb temperature
Outdoor air relative humidity
Prototype air handler entering air dry-bulb temperature
Prototype air handler entering air dry-bulb temperature
Prototype air handler entering air relative humidity
Prototype air handler supply air dry-bulb temperature
Prototype air handler supply air dry-bulb temperature
Prototype air handler supply air relative humidity
Air volume flow rate through prototype air handler
Main AC condenser power
Main AC supply air fan power
Total unit (AC + dehumidifier) condensate removal rate

Instrumentation
Type-T thermocouple
Capacitive relative humidity sensor
RTD temperature probe
Type-T thermocouple
Capacitive relative humidity sensor
RTD temperature probe
Type-T thermocouple array
Capacitive relative humidity sensor
Flow grid, pressure transducer
Watt-hour transducer
Watt-hour transducer
Calibrated rain gauge (tipping bucket)

Table 4-3. Integrated Dehumidifier Monitored Variables
Description
Refrigerant pressure at integrated dehumidifier compressor
inlet (suction)
Refrigerant pressure at integrated dehumidifier compressor
outlet (discharge)
Refrigerant temperature at integrated dehumidifier
evaporator coil outlet (compressor suction)
Refrigerant temperature at integrated dehumidifier
condenser inlet (compressor outlet)
Refrigerant temperature at integrated dehumidifier
condenser tube u-bend (condenser middle)
Refrigerant temperature at integrated dehumidifier
evaporator coil expansion device inlet (condenser outlet)
Refrigerant temperature at integrated dehumidifier
evaporator tube u-bend (evaporator middle)
Integrated dehumidifier outlet air dry-bulb temperature
Air volume flow rate through integrated dehumidifier
Integrated dehumidifier power (compressor + fans)

Instrumentation
Pressure transducer (not monitored in latter portions
of data collection period)
Pressure transducer (not monitored in latter portions
of data collection period)
Surface-mounted type-T thermocouple
Surface-mounted type-T thermocouple
Surface-mounted type-T thermocouple
Surface-mounted type-T thermocouple
Surface-mounted type-T thermocouple
Type-T thermocouple
Pitot tube, pressure transducer
Watt-hour transducer

Table 4-4. Monitored Indoor Conditions
Description
Thermostat air dry-bulb temperature
Thermostat air relative humidity
Master bedroom air dry-bulb temperature
Master bedroom air relative humidity
Spare bedroom air dry-bulb temperature
Spare bedroom air relative humidity
Laundry room diffuser exiting air dry-bulb temperature
Master bedroom diffuser exiting air dry-bulb temperature
Spare bedroom diffuser exiting air dry-bulb temperature
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Instrumentation
Type-T thermocouple
Capacitive relative humidity sensor
Type-T thermocouple
Capacitive relative humidity sensor
Type-T thermocouple
Capacitive relative humidity sensor
Type-T thermocouple
Type-T thermocouple
Type-T thermocouple
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4.3 AC System and Integrated Dehumidifier Control
Control Settings
The prototype air conditioning/dehumidification system was configured to independently control
indoor temperature and relative humidity based on a thermostat set point schedule and a fixed
humidistat set point. The main AC portion of the system controlled the indoor temperature
according to the thermostat schedule shown in Table 4-5. The integrated dehumidifier responded
to the indoor relative humidity based on a fixed humidistat relative humidity set point of 57%.
Table 4-5. Thermostat Set Point Schedule
Day Type
Weekday

Weekend

Time
Midnight – 7:30 am
7:30 am – 6:00 pm
6:00 pm - Midnight
All Times

Set Point (ºF)
78
76
78
78

Air Distribution System Control
In addition to controlling the prototype AC/dehumidification system to thermostat and
humidistat set point conditions, control of the main AC system supply air fan speed was also
required to investigate methods of distributing dehumidified air throughout the test facility when
only the integrated dehumidifier was operating. In laboratory tests, the dehumidified air did not
naturally distribute throughout the indoor test chamber without the aid of the air handler’s main
supply air fan. However, the laboratory test facility had significant pressure drops throughout its
air distribution system. It was not known in advance if similar restrictions would exist in typical
residential air distribution systems. For this reason, an alternate means to distribute air
throughout the field test site’s multiple rooms was investigated.
The air handler’s main supply air fan used a programmable electronically-commutated motor
(ECM) to allow variations in system air flow rates based on user selectable jumper settings.
These jumper settings allow the fan speed to be field adjusted based on condenser size or type
(straight cool or heat pump). In addition, fan control strategies may be applied to allow the fan to
operate for various time periods after the compressor has turned off. The fan motor was also
programmed by the manufacturer with the ability to maintain a constant air flow rate over a wide
range of external static pressures.
To over-ride the manufacturer’s programming of the supply air fan motor, a set of relays were
installed to “switch out” the ECM motor control wires with those connected to a third party
manufacturer’s control board specifically designed to control the motor speed based on an
external signal. A set of four 4-pole double-throw relays were connected to the main AC unit’s
supply air fan control wiring. When there was a call for cooling, heating, or fan “ON” mode, the
relays connected the main AC fan control wiring to the fan control wire harness connector. At all
other times, the external signal controlled the speed of the main AC fan. This external signal was
programmed into the data acquisition system to directly control the fan motor speed. During
initial set up, it was found that the minimum fan air flow rate was 500 cfm. This flow rate was
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considered to be too high and would promote evaporation of accumulated moisture from the
cooling coil during times when the main AC system compressor was off. Therefore, it was
decided that the integrated dehumidifier’s air would be allowed to naturally distribute throughout
the facility without the aid of the air handler’s supply air fan.

4.4 Integrated Dehumidifier Event Summary
Several equipment failures and other events were noted during the field test monitoring period. A
complete summary of operating configurations and other major events are presented in Appendix
F. Many of these events were related to instrumentation and other minor data collection
interruptions; however, three instances are of particular note. The first incident occurred during
installation and initial testing of the prototype system, the second involved a failed pressure
sensor which required several days to resolve, and the third was a slow leak in the integrated
dehumidifier’s refrigerant circuit.
During initial field testing of the prototype AC system, a small amount of water was noticed
falling from the evaporator coil. Upon further inspection, the drips were occurring as the
condensed water formed on the evaporator fins and drained downward along the fins towards the
drain pan. As these drops of water approached the integrated dehumidifier’s evaporator coil, they
would fall from the heat exchanger at the approximate location where air would either flow
through the integrated dehumidifier’s evaporator coil or through the main AC cooling coil. At
times when the integrated dehumidifier was not operating, there was virtually no air flow
through the lower portion of the heat exchanger. The water droplets would tend to fall from the
heat exchanger as they approached this “no-flow” area. Since modifying the condensate drain
pan was not an option at this time, some metal slats were attached to the underside of the cooling
coil to direct the droplets toward the existing drain pan while providing minimal disruption to the
air flow pattern.
The second occurrence of note was the repair of a failed pressure transducer. On September 5,
2007 the failed suction pressure transducer was repaired. When this transducer was removed
from the integrated dehumidifier a small amount of refrigerant escaped. A similar amount of
refrigerant was lost when this transducer was reinstalled. Although the amount of refrigerant
escaping the system was small, the reduced refrigerant charge had a dramatic effect on the
performance of the integrated dehumidifier. The surface mounted thermocouples measuring
evaporator and condenser refrigerant temperatures rose sharply and the measured condensate
leaving the unit was reduced to near zero. It was obvious a problem existed and further repair
was required.
The integrated dehumidifier’s refrigerant system was evacuated and remained in a vacuum state
overnight to ensure that the refrigeration system did not have a leak. The pressure sensors
mounted on the suction and discharge lines were removed during this maintenance period to
avoid damage. When it was determined that a leak was not present, the refrigerant system was
again charged with 10.5 ounces of R-22 refrigerant and placed back in service. The suction and
discharge pressure sensors were not reinstalled at this time to avoid additional down time during
the remaining data collection period.
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The third notable event occurred on October 20, 2007. It was observed that the surface mounted
thermocouples measuring the integrated dehumidifier’s evaporator core and suction line
temperatures indicated a significant change. Prior to this time, the evaporator core temperature
and suction line temperature sensors measured nearly identical results when the dehumidifier
operated and the main AC supply air fan was not operating. Typical measurements are shown in
the following section in Figure 4-3. However, on October 20, 2007 it was noticed that these
measurements were showing significant differences. The same readings were again measured on
the following day. On October 22, 2007, 2.5 ounces of R-22 refrigerant was added to the
integrated dehumidifier. This failure indicates that a slow refrigerant leak had either existed in
the prototype unit during the construction phase, or more likely had developed during the field
testing phase of this project.

4.5 Field Performance Measurements
The prototype system performance measurements collected in the field were similar to those
measured during the previously described laboratory testing (see Section 3). The monitored
variables described in Section 4.2 were collected at 1-minute intervals and continuously
transferred to a mainframe computer system for processing, storage, and analysis. As with the
laboratory measurements, the monitored field data were plotted on a regular basis (daily in this
case) to quickly review system performance, monitor the instrumentation for erroneous readings
and determine if instrumentation sensors had failed or required repair.
The measured data were graphically displayed to simplify the daily review process. Figure 4-3
represents a typical day of measured data when the prototype dehumidifier was operating. The
four plots were organized to group similar measurements according to measurement type.
The upper left plot shows outdoor air conditions (dry-bulb temperature, relative humidity, and
dew point temperature). These same temperature and humidity parameters were measured at the
indoor thermostat and are also included in the upper left plot. The status and daily runtime of the
main AC unit compressor and integrated dehumidifier are presented here as well.
The upper right plot displays the temperature and relative humidity of the air entering and
leaving the prototype air handler. The air flow rate through the overall air handler, as well as the
air flow rate through the integrated dehumidifier portion of the unit, are also shown here. A
thermocouple located at one of the supply air diffusers is also displayed. This information was
used to calculate delivered cooling capacity, monitor the air flow rates, and determine the
effectiveness of the air distribution system. Note the supply air diffuser temperature during times
when the integrated dehumidifier operates alone. The warm dehumidified air, as seen by the
supply air temperature and relative humidity sensors, is shown to travel through the air
distribution system to the supply air diffuser where the temperature at the diffuser is shown to
reach upwards of 90ºF.

Task 4.2 Prototype Design, Construction & Testing

32

February 15, 2008

Figure 4-3. Field Measured Data for September 26, 2007
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Refrigerant tubing surface temperatures and the air temperature leaving the integrated
dehumidifier are shown in the lower left plot. As the integrated dehumidifier cycles on and off,
the surface mounted thermocouples provide a detailed view of the performance of the
dehumidifier. For instance, notice the dehumidifier’s evaporator and compressor suction
temperatures. Measurements indicate temperatures near 40ºF. The compressor’s refrigerant
discharge temperature is shown to be rather high, and at times exceeds 200ºF. The refrigerant is
then cooled to just above 100ºF after passing completely through the condenser (Ref Condenser
Outlet Temp).
Total power and condensate removal are shown in the lower right plot of the figure. These
measurements were also used to calculate a dehumidification efficiency factor (EF). The total
power includes power measured for the outdoor condensing unit, supply air fan, and integrated
dehumidifier (compressor and small supply air fan). The efficiency factor is a 5-minute running
average and calculates the efficiency in terms of liters of condensate removed per kilowatt-hour
of energy used.
In addition to the supply air diffuser temperature described previously (upper right plot in Figure
4-3), two other air temperatures were measured at supply air diffusers in the master and spare
bedrooms of the house. The diffuser temperatures are shown in Figure 4-4 and also support the
conclusion that dehumidified air is moving through the air distribution system even without the
assistance of the main air handler fan when the cooling coil portion of the system is inactive. The
peak temperatures shown at hours 1, 4, 7, 20, and 22 are times when the integrated dehumidifier
is operating (but the main air handler fan is OFF) and warm dehumidified air is distributed
through the duct work to the supply air diffusers in all parts of the home.

Figure 4-4. Supply Air Diffuser Temperatures for September 26, 2007
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4.6 Comparison of Field and Laboratory Performance Measurements
Although the prototype AC/dehumidification system was configured slightly differently in the
field than during the laboratory testing, efforts were made to compare performance between
field-measured and laboratory-measured data. Differences between the field installation and that
used during laboratory testing include:
•
•
•
•
•
•

Field installed system used a Trane Model 2TTR4030A1 single-speed condensing unit
Field measured air flow increased slightly due to a required change in control board
jumper settings (jumpers changed to select a 2.5 ton heat pump)
Field measured air flow rate relied on an air flow station with ±7% accuracy
Field return and supply air relative humidity conditions were measured with less accurate
(±2%) capacitive relative humidity sensors
The refrigerant charge for the integrated dehumidifier may have changed due to leaks in
the integrated dehumidifier’s refrigeration system
The majority of laboratory measurements were for steady-state operation while field
testing measured dynamic system performance

Field measurements collected from August 24 through September 27, 2007 were analyzed and
compared to the regression models developed during laboratory testing. The field-measured
return air temperature and relative humidity, along with the outdoor dry-bulb temperature, were
used to calculate predicted sensible and total capacity using the regression models developed
during laboratory tests. The field measured data (collected at 1-minute intervals) collected after
8-minutes of compressor operation were used for comparison to steady-state laboratory results.
The valid measured data were further subset to provide two sets of data: 1) when the prototype
dehumidifier was not operating, and 2) when the prototype dehumidifier was operating. These
same data and air flow measurements were also used to calculate actual total and sensible
capacity measured in the field. Figure 4-5 and Figure 4-6 show field measured sensible and total
cooling capacities versus the corresponding regression model predictions, respectively.
Sensible capacity appears to line up rather well with the regression model predictions. However,
the field measured total capacity is shown to be slightly different compared to the lab-derived
regression model. This would infer that the measured latent capacity of the system has changed
between lab and field testing for some reason. The difference in measured latent capacity may be
due to dissimilar condensing units, a difference in the refrigerant state-of-charge, a difference in
supply air flow rate, or some other reason. However, the difference in capacity between the
laboratory measurements and those measured in the field is of little significance to prototyping
this dehumidification system, regardless of cause. Testing the prototype AC system in a field
setting is more geared towards identifying the potential for adequate humidity control and
investigating potential improvements to the basic design and control techniques.
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Figure 4-5. Field-Measured Sensible Capacity versus Laboratory Regression Model

Figure 4-6. Field-Measured Total Capacity versus Laboratory Regression Model
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4.7 Indoor Relative Humidity Profile
As previously described, conditions within the field test site were monitored throughout the
performance measurement period. The relative humidity measured near the thermostat provided
an indication of the ability of the prototype AC system to control indoor space relative humidity.
The integrated dehumidifier was allowed to operate on alternating week schedules. Through
computer control, the dehumidifier was enabled for an entire week and disabled for the following
week. This control methodology was modified as needed to provide a balanced data set to
compare the resulting indoor relative humidity profile with and without the integrated
dehumidifier operating.
The thermostat schedule was programmed to control the indoor temperature based on a setback
schedule for weekdays and provided a constant temperature during the weekends (Table 4-5).
Since the pull-down (pull-up) period causes the HVAC system to operate for a longer (or
shorter) period of time when the set point temperature changes, the measured data was subset
into two distinct groups; weekdays and weekends. The measured data was further subset to allow
review of the impacts of prototype dehumidifier operation during the hotter parts of summer and
again during more mild weather conditions. The more mild weather conditions discussed here
represent times when the outdoor temperature was low enough to reduce or eliminate operation
of the cooling portion of the prototype system. When the runtime of the cooling system is low (or
zero), the amount of moisture removed from indoors is also low (or zero). At these times, indoor
relative humidity can increase to uncomfortable levels if an alternate means of dehumidification
is not used.
Figure 4-7 shows the indoor relative humidity profile for the four subsets of measured data
collected throughout the monitoring period. The plots in the upper left and lower left corner of
the figure show the relative humidity profile for hot summer weekdays and weekends,
respectively. Since the main AC system runtimes are mostly high, there is little need for
additional dehumidification. This can be seen for both weekday and weekend data sets. Although
the prototype dehumidification system is shown to maintain a slightly lower indoor relative
humidity, the need for addition dehumidification is limited since the relative humidity with and
without the integrated dehumidifier operating is reasonably controlled at or below 60%.
The plots in the upper right and lower right corner of the figure show the relative humidity
profile for weekdays and weekends when the outdoor temperature was more mild. The indoor
relative humidity when the prototype dehumidifier is not operating is shown to be quite high,
reaching over 67%. However, when the prototype dehumidifier is operating, the indoor relative
humidity is actively controlled to just above the relative humidity set point of 57%.
The number of hours that the indoor relative humidity exceeds the humidistat set point of 57%
and a 60% relative humidity threshold are shown in each figure. Prior to September 18, 2007,
when the daily average outdoor temperatures were high, the number of hours with indoor
humidity greater than 60%RH was zero when the integrated dehumidifier operated and only
exceeded the relative humidity set point of 57% for a few hours. During this same time period,
the number of hours exceeding 60% relative humidity when the integrated dehumidifier did not
operate is also low; however, the number of hours exceeding the relative humidity set point of
57% is slightly higher at 56 and 28 for weekday and weekends, respectively.
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Conversely, the measured data collected during mild weather shows a dramatic difference in
measured indoor relative humidity. When the integrated dehumidifier was allowed to operate, the
number of hours exceeding a relative humidity threshold of 60% remained at zero with only 17
and 5 hours measured over the relative humidity set point of 57% for weekday and weekend
periods, respectively. When the integrated dehumidifier was not operating, the number of hours
exceeding the relative humidity set point of 57% is shown to be 247 and 140 for weekday and
weekend time periods, respectively. Even the number of hours exceeding a relative humidity
threshold of 60% is shown to be quite high for both the weekday (146 hours) and weekend (94
hours) time periods.
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Figure 4-7. Indoor Relative Humidity Profiles Based on Field Test Measurements
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4.8 Overall Indoor Relative Humidity
As previously described, a temperature and relative humidity sensor were located near the
thermostat and humidistat controlling the prototype system. These sensors are located in the
living room. Additional sensors were installed on an interior wall near the doorway in two of the
three bedrooms. These sensors provided an overall view of the conditions throughout the home.
Figure 4-8 shows the room air conditions measured on the weekday of September 26, 2007. The
dew point temperature measured at each location is also shown.
As previously described, the thermostat temperature set point schedule is 76ºF from 7:30 am to
6:00 pm on weekdays. The thermostat schedule sets back the temperature to 78ºF during all other
times. The humidistat set point is fixed at 57% relative humidity. Since the thermostat
temperature and relative humidity sensors are located near the control point for the prototype
equipment, it is not unexpected for the average conditions throughout the day to be relatively
close to the corresponding set point. The average daily temperature and relative humidity
measured near the thermostat are shown to be 76ºF and 54.6%, respectively.
The average daily temperature for the master bedroom was slightly colder for this day, with an
average daily temperature of 74.5ºF. The average daily temperature in the spare bedroom was
nearly the same as in the living room at 76.5ºF. However, the relative humidity in each room was
significantly different. For the master and spare bedrooms, the daily average relative humidities
were 59.7% and 51.7%, respectively.

Figure 4-8. Measured Indoor Temperature and Relative Humidity Levels
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The average daily dew point temperature throughout the home is more indicative of moisture
content since the temperatures in each location are different. The dew point temperatures
measured in each room are shown to be within approximately ±2ºF of the dew point temperature
measured at the thermostat and the maximum deviation occurs during times when little or no air
circulation exists throughout the home. In the master bedroom there is a humidification device
introducing moisture at a rate of approximately ½ gallon per day between the hours of 4:00 pm
and 6:00 am to simulate bedroom occupancy. For this reason, the dew point temperature
measured in the master bedroom is expected to be slightly higher than the rest of the home. As
expected, during daytime hours when air circulation is increased due to air handler operation, the
dew point temperatures measured throughout the home are much closer together.

4.9 AC System Energy Use
The previous discussion of indoor relative humidity profiles with and without the prototype
dehumidifier operating clearly shows lower indoor humidity levels are achieved when the
dehumidifier operates. This additional dehumidification comes at the cost of increased energy
use. Figure 4-9 shows the total daily energy use with (blue) and without (red) the prototype
dehumidifier operating. The daily energy use for the main AC system alone, during periods when
the dehumidifier was scheduled to operate (green), is also shown in the figure.

Figure 4-9. Comparison of Daily Energy Use
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The data set representing the daily energy use for the main AC system alone while the prototype
dehumidifier was allowed to operate (green circles) was calculated by simply subtracting the
daily energy use of the integrated dehumidifier from total daily energy use (AC plus integrated
dehumidifier, blue stars). The simple linear regression models defining these three data sets are
also shown in the figure. In addition, the intersection of the regression model for total daily
energy use with the prototype dehumidifier operating with each of the other two regression
models is also shown.
The daily energy use representing the main AC system with the prototype dehumidifier
scheduled OFF is a tightly grouped data set (* - AC Only) with a relatively high R2 value. The R2
value represents the goodness of fit in linear regression. For this data set, the R2 value is shown
to be 0.866. This means that 86.6% of the variation in daily energy use can be explained by the
variation in daily outdoor temperature. This linear regression model also shows that energy use
approaches zero at an average daily outdoor temperature of approximately 70ºF. As outdoor
temperatures rise, energy use of the AC system increases.
The other regression models show this same trend, however, the slopes of these regression
models are more moderate and represent an increase in daily energy use. The regression model
representing the main AC energy use alone while the prototype dehumidifier is schedule to
operate (o AC only energy for AC + DH data set) is shown to require a slight increase in energy.
The operation of the prototype dehumidifier causes the main AC system to operate more during
the day to remove the heat added to the home by the dehumidifier’s compression system. Also
note that as average daily outdoor temperatures increase, the difference in daily energy use is less
pronounced (i.e., green and red lines converge at higher daily outdoor temperatures).
The difference in main AC daily energy use with and without the integrated dehumidifier
operating is predicted to be the same at approximately 90ºF (i.e., A∩B and A∩C). This is due to
higher AC system runtimes during hotter outdoor weather resulting in lower runtimes for the
prototype dehumidifier (i.e., the AC system removes more moisture leaving little-to-no
dehumidification requirement for the prototype dehumidification system). At 90ºF, the main AC
system would remove sufficient moisture such that operating the integrated dehumidifier is not
required. This data set has a slightly lower R2 value than the previous data set at 0.847. The R2
value is lower than the previous data set because the operation of the integrated dehumidifier is
not a function of outdoor temperature; instead the dehumidifier’s operation is based on interior
air relative humidity levels.
The upper group of data represents the total daily energy use for the main AC system and
prototype dehumidifier (* AC + DH). This group of data also shows an increasing function for
daily energy use as average daily outdoor temperature rises. In addition, during more mild
outdoor weather conditions, the increase in daily energy compared to AC energy use when the
dehumidifier is not operating can be significant. For example, at an average daily outdoor
temperature of 75ºF, the predicted energy use for the main AC system alone and the main AC
system with the prototype dehumidifier operating is 9.5 kWh/day and 20.47 kWh/day,
respectively.
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Although this difference may seem high, these operating conditions only occur during mild
weather conditions. During hot summer months, the main AC system operates a significant
portion of the day and additional dehumidification requirements are minimal (or non-existent).
During winter months, the cool and dry outdoor weather reduces (or eliminates) the need for
dehumidification. It is during the shoulder months, in spring and fall, that the operation of the
prototype dehumidifier will improve indoor comfort conditions, and thus requires additional
energy use. This data set is also shown to have a rather low R2 value at 0.515. This means that
only 51.5% of the variation in total daily energy use is explained by the variation in outdoor
temperature. This is because the operation of the integrated dehumidifier is also a function of
indoor moisture loads rather than the single independent variable of average daily outdoor
temperature.
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5 Humidity Responsive Control for
Variable Speed Air Handler Fans
The initial Task 4 building simulations and other recent research have confirmed that supply air
fan controls can have a significant impact on indoor humidity levels. Both the air flow rate
across the cooling coil during compressor operation and continued air flow across the coil after
the compressor shuts off can strongly affect indoor humidity. Therefore, in addition to the
development and testing of the prototype unit described above, a separate effort was undertaken
to develop an air handler fan controller that is responsive to indoor humidity levels, such that
humidity control and energy efficiency are both optimized. This separate development effort is
briefly described here. A complete description of humidity responsive control for variable speed
air handlers is provided in Appendix G.
The humidity responsive control is designed to maximize residential air conditioner
dehumidification performance and air conditioner efficiency, by altering the variable speed
blower fan flow and end-of-cycle fan-on time delay in response to room relative humidity. This
is accomplished through a control which responds to indoor humidity. The concept has the
potential to both improve air conditioner humidity removal under humid conditions and to
increase cooling efficiency under drier conditions.
The unit was a basic, entry-level air handler factory equipped with an “A” frame evaporator coil,
5kW of strip heat, and a two speed permanent split capacitor (PSC) induction blower motor.
Since multiple speeds would be necessary to operate in the enhanced humidity control mode, the
OEM motor was replaced with a General Electric electronically commutated (ECM) motor.
ECM motors are brush-less DC motors that are not only more energy efficient (up to 67%
savings over standard motors) but, with the proper controls, can be set to operate in a variety of
operating modes and speeds.
The control circuit responds to the interior humidity condition when deciding how a cooling cycle
will be controlled. The space relative humidity near the thermostat determines which control
strategy will be used throughout that cooling cycle. There are four differing strategies which
modulate the supply air fan speed and alter the post compressor fan delay based on the space
humidity as shown in Table 5-1.
Table 5-1. Humidity Responsive Control Strategy for Variable Speed Air Handlers
Indoor Relative
Humidity
RH > 55%
55% > RH > 50%
50% > RH > 40%
RH < 40%

Percent Airflow during
1st minute of compressor
operation
50
80
100
100
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Percent Airflow during
next 5 minutes of
compressor operation
80
100
100
100
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Post compressor
fan delay
(seconds)
0
30
90
240
February 15, 2008

Figure 5-1 shows the collected interior humidity level and the air handler and compressor power
over the two-week experiment. As the house is occupied and the thermostat is setup when the
household members are away, the length of the setback varies, which also exerted variation on
measurements in the periods when the space cooling system was operating.

Figure 5-1. Interior Relative Humidity and AC Power during Test
Over the period where the standard control method was used, the space interior humidity
averaged 43.3%RH whereas it was actually higher at 45.7%RH over the period where the
adaptive control was used. This was mainly due to the target humidity levels with the adaptive
control which center on 45% relative humidity. Thus, the adaptive control tended to increase the
space RH by increasing cooling efficiency with longer fan delays.
Space cooling energy use was lower in the post period – albeit with lower prevailing outdoor
temperature conditions. Condenser power averaged 443 Watts (10.6 kWh/day) in the standard
mode period and 310 Watts (7.4 kWh/day) in the period with the adaptive control. Air handler
power average 37 Watts (0.9 kWh/day) under the standard operating mode versus 28 Watts (0.7
kWh/day) with the adaptive control mode. The average temperatures maintained in the space was
fairly similar over the two periods: 77.2ºF with the standard control scheme and 77.7ºF with the
adaptive control. Overall, space cooling energy was 30% lower under the scheme where the
adaptive control was used. Although there were weather differences over the two periods, it does
appear that there were some energy-related savings although these are likely much lower than
30%. However, longer-term testing will be needed to isolate such effects.
Task 4.2 Prototype Design, Construction & Testing

45

February 15, 2008

6 Summary and Conclusions
6.1 Summary Findings
This project involved the design, construction and testing of a prototype air conditioning and
dehumidification system consisting of a conventional split DX system with a small dehumidifier
integrated in the air handler. The prototype system was constructed using currently-available
parts and tested in both a laboratory setting and at a field test site. Preliminary results are
promising in that a fully-integrated system can be easily constructed and installed in the place of
conventional air handling equipment. Controls for the prototype equipment are also simple to
install and provide independent control of sensible (temperature) and latent (moisture) loads.
Laboratory tests indicate that the integrated dehumidifier can provide increased latent cooling
capacity without significantly impacting the total cooling capacity of the system. This results in a
reduction of the delivered sensible heat ratio. The main AC cooling coil and the integrated
dehumidifier can be independently controlled and provide enhanced dehumidification during
times when sensible loads are modest and indoor relative humidity levels tend to rise.
A summary of the important topics identified during this phase of this project are:
•
•
•
•
•
•
•
•

An integrated dehumidification system is simple to manufacture
An integrated system requires no additional installation costs (i.e., separate duct system,
dedicated condensate drain line, or separate location for a standalone room air
dehumidifier)
The system can be manufactured with only a low to moderate increase in first cost
The system provides independent control of temperature and relative humidity
A single duct system seems to adequately distribute dehumidified air throughout the
home in most cases
This configuration also appears to eliminate the “hot spot” noted by standalone room air
dehumidifier users
Dehumidifier operation dries the interior of the duct work when operating alone
The space where a standalone room air dehumidifier or other separate dehumidification
unit would be located is recovered

6.2 Future Development Considerations
The prototype unit developed as part of this project provides a low-cost air conditioning system
capable of providing on-demand dehumidification. Further efforts to reduce the system costs and
improve operating efficiency are the next logical step in the development of such a system. The
performance measurements made during this portion of the project show that an integrated
dehumidification system can provide lower humidity levels using a simple design. In addition,
the integration of the dehumidifier subsystem into a conventional air handling unit required no
special considerations. When installed at a field test site, the prototype AC system simply
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replaced the existing air handler and the existing duct work did not require additional
modification.
There are, however, additional improvements that could be made. Manufacturing costs could be
reduced through mass production, and efficiency improvements could also be made with
relatively few changes to the existing design. Improvements to the supply air fan control strategy
may also allow a more uniform distribution of dehumidified air throughout the building. The
following items should be considered for future prototype development.
•
•
•
•

Efficiency may be improved by procuring a single fan for the integrated dehumidifier
Long-term operation of a dehumidifier with such a small refrigerant charge requires a
sealed refrigerant system
Supply air fan controls should be investigated to determine if minimal supply air flow
rates while the integrated dehumidifier is operated alone can be optimized
Correct condensate dripping from coil in the area where air flow is zero (at junction
between integrated dehumidifier evaporator and main AC cooling coil). This could be
corrected by simply extending the condensate drip pan a few inches.
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Appendix A
Dehumidifier Condenser Coil Specifications
The condenser coil used for the integrated dehumidifier was purchased from Super Radiator
Coils. Specification data are provided in the standard order form shown below. The coil
selected was a 2-row, single circuit with 14 fins/inch measuring 6“ x 17.75“ with a 3/8”
tubing diameter. Additional specifications and circuiting pattern are also provided.

A-1

SPECIFICATION DATA-Evaporator Coils
Date:_12/1/2006______ / Page _1__Of__1__
Name: ___

Richard Raustad__

___ Company: _

_Florida Solar Energy Center__

Address : ___1679 Clearlake Road_________________________________

___
_____________

City, State, Zip :___Cocoa, FL, 32922_________ Tele: __(321) 638-1454_____ FAX: __(321) 638-1010____
Job Ref: ____________________________ Coil Model No ___________________________

Qty ___1____

DIMENSIONAL DATA

PERFORMANCE DATA

Fin Height (“FH”) ___6____ / Finned Length (“FL”) ___17 ¾ ___

BTU/Hr. _________ Total /________ Sensible

Rows Deep ___2 ___ / Model Type (see table) __38-4 __

Airflow ____75_______ SCFM or Lbs/ Hr?

1

Fins Per Inch __14__ / No. of Circuits __1___

Face Velocity ___100___ FPM

Casing Height (“CH”)__6__ / Casing Length (“CL”) __18 1/2___

Entering Air Temp. _____ ºF db / _____ ºF wb

Casing Depth (“CD”) __2 ___ Overall Coil Length (“OL”)2 ______

Leaving Air Temp. _____ ºF db / _____ ºF wb

Casing Flange Width3: F1_3/8 _ F2_3/8 _ F3 _NA__ F4 _NA__

Air Friction Pressure Drop ______ Inches W.G.

4

Suction Connection O.D._NA__ (Type “L” Copper Sweat is Standard)
1

1

Distributor Model ___NA__________ Nozzle No. ___NA____

Refrigerant __R22__ Suction Temp. _____ ºF
Refrigerant Liquid Temperature ______ºF

Distributor Tube1: Qty. _NA___ O.D. ______ Length ________
Refrigerant Pressure Drop __________
PSIG
CASING STYLE:
Encased (shown)
X Non-encased (ends only)
COIL HAND: (If Horizontal Airflow)  Right  Left (If Vertical Airflow )  Up  Down
LEFT HAND COIL SHOWN (RIGHT HAND OPPOSITE)

Notes: _________________________________ _

3/8” Flange, non-encased
_
No header, See Figure 1 below
_
6” height available with staggered tubing?
_________________________________
_________________________________
_________________________________
_________________________________
_________________________________
_________________________________
_________________________________
_______________

STANDARD DIMENSIONAL SPECIFICATIONS
MODEL
TYPE
38-1
38-2
38-3
38-4
12-1
12-2
12-3
12-4
58-1
58-2
58-3
58-4
88-1
88-2

TUBE
O.D.

3/8”
1/2”
5/8”
1”

TUBE CENTERS
FACE X ROW

TUBE
PATTERN

STANDARD FIN
HEIGHT INCREMENTS

1” x 1”
1” x 1”
1 1/4” x 1”
1” x .866”
1 1/4” x 1”
1 1/2” x 1 1/2”
1 1/2” x 1 1/2”
1 1/2” x 1.299”
1 1/2” x 1 1/2”
1 1/2” x 1 1/2”
1 1/2” x 1.299”
1 3/4” x 1.516”
3” x 2”
3” x 2.598”

Staggered
Inline
Staggered
Staggered
Staggered
Staggered
Inline
Staggered
Staggered
Inline
Staggered
Staggered
Staggered
Staggered

1”
1”
1 1/4”
1
1 1/4”
1 1/2”
1 1/2”
1 1/2”
1 1/2”
1 1/2”
1 1/2”
1 3/4”
3”
3”

STANDARD FIN
SPACING MIN MAX
10 - 16
12 only
12 - 16
5 - 18
8 - 14
10 - 16
10 only
4 - 15
7 - 10
8 - 10
4 - 15
4 - 15
4 - 12
4 - 12

STANDARD FLANGE WIDTHS
F1, F3, F4,
F2
1”
1”
1 1/4”
1”
1 1/4”
1 1/2”
1 1/2”
1 1/2”
1 1/2”
1 1/2”
1 1/2”
1 1/2”
1 1/2”
1 1/2”

1”
1”
1 1/4”
1”
1 1/4”
1 1/2”
1 1/2”
1 1/2”
1 1/2”
1 1/2”
1 1/2”
1 1/2”
3”
3”

STANDARD
L1 (see 2)
2 3/8”
2 3/8”
2 7/8”
2 3/8”
2 7/8”
3 3/8”
3 3/8”
3 3/8”
3 3/8”
3 3/8”
3 3/8”
3 3/8”
6 1/2”
6 1/2”

NOTES: 1. To insure proper replacement coil and operation, specify either number of circuits and distributor information or complete performance data.
2. The L1 dimension shown does not provide for distributor tube projection (if any) beyond header. On large distributors, this projection can
be several inches. If the distributor must be contained within the “L” dimension, specify in “NOTES”.
3. Note standard flange widths in table. The F2 dimension shown is recommended for tube bend protection on most coils.
4. Indicate direction of inlet and outlet connections if different from above. If multi-section coil, show circuiting and connection details (use
separate sheet if necessary). To insure lowest coil cost, specify connection location dimensions only if critical to the installation.
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104 Peavey Road
Chaska, MN 55318-2324
Tel: (800) 394-2645/(952) 556-3330
FAX: (952) 556-3331

P.O. Box 35687
Richmond, VA 23235-0687
Tel: (800) 229-2645/(804) 794-2887
FAX: (804) 379-2118

Figure A-1. Circuiting Schematic
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2610 S. 21st Street
Phoenix, AZ 85034-6790
Tel: (800) 899-2645/(602) 257-9708
FAX: (602) 257-0472

Appendix B
Sensor Calibration Results
Accurate measurement of system performance is important for detailed laboratory testing. For
these tests, measurement of refrigerant line temperatures, refrigerant pressures, differential air
pressures and condensate removal were verified through calibration.
Temperature Sensors
The surface-mounted thermocouples measuring refrigerant temperatures were mounted to the
desired location using thermal paste and secured using miniature tie-wraps. Insulation was then
applied over the thermocouple to improve the accuracy of the refrigerant tube surface
temperature measurement. The temperature measurements were verified using hand-held
temperature probes and redundant surface-mount thermocouples. Thermocouples showing
inaccurate measurement were replaced until the readings appeared accurate.
Air-side thermocouples were verified by simply operating the supply air fan to move air through
the air handler. The thermocouples were verified to closely measure the same temperature
through the entire air distribution system (accounting for fan heat).
Refrigerant Pressure Sensors
An Ametek Model T-5 dead-weight pressure tester was used to calibrate Setra Model 207
industrial pressure transducers. A 0-250 and 0-500 psig pressure range was selected for the
compressor suction and discharge pressure, respectively. Each pressure sensor was calibrated
over a range of pressure. The results of the calibration for the main AC and integrated
dehumidifier (DH) refrigeration system pressure transducers are shown in Figure B-1.

Figure B-1. Calibration of Setra Pressure Transducers for the Refrigeration Systems
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Differential Pressure Sensors
An Omega manometer was used to calibrate Setra Model 207 differential pressure transducers.
The 0-2.5 inch water column differential pressure transducers were used to monitor the air flow
station’s square edged orifice (supply air volumetric flow rate) and fan static pressure.
Calibration results are shown in Figure B-2.

Figure B-2. Calibration of Setra Differential Pressure Transducers
Condensate Tipping Buckets
Accurately measuring the latent performance of an air conditioner can be challenging. For this
reason, two methods were used to measure the dehumidification performance of the prototype
AC system: 1) measure condensed water exiting the AC system, and 2) calculate the system
latent capacity using the psychrometric properties of air and the air flow rate through the system.
This section describes the calibration of the rain gauge tipping buckets used to measure
condensed water exiting the AC system and the standalone room air dehumidifier.
Since the integrated dehumidifier used the same condensate drain pan as the main AC coil, a
single tipping bucket was used to measure the combined water collected from the prototype AC
system. A separate tipping bucket was used to measure the condensed water leaving the
standalone (SA) room air dehumidifier. The tipping buckets were calibrated by dripping a
measured amount of water at a constant rate into the tipping bucket and counting the resulting
number of tips. The rate at which the water was dripped into the tipping bucket was varied to
account for variations in condensate flow rate. Figure B-3 below shows the results of the
calibration for the standalone room air dehumidifier and main AC unit tipping buckets. An
increasing linear or squared function (based on tips/unit time) is typically used to measure
condensate collected in this manner. For this reason, a linear regression was used to determine
the condensate flow rate based on the number of tips per minute. The calibration curves for the
two tipping buckets should have been very similar to each other, and the measured data points
reflected that similarity except for a measurement point for the SA tipping bucket near 10 tips
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per minute. This data point was later deemed to be an outlier which represented an inaccurate
measurement. Therefore, the calibration for the main AC unit tipping bucket was applied to both
tipping buckets (main AC unit and standalone room dehumidifier). The equations used are
included in Appendix D.

Figure B-3. Calibration of Rain Gauge Tipping Buckets

Dehumidifier Air Flow
The air flow rate through the integrated dehumidifier proved difficult to measure due to limited
space within the dehumidifier’s fan shroud. The fan shroud covering the dehumidifier’s heat
exchangers measured only 21 inches tall. In addition, the top 8 inches of the interior of the
shroud where occupied by the fan motors. In any event, a pitot tube was inserted into the fan
shroud just above the dehumidifier’s condenser midpoint. An Energy Conservatory Model DG-2
digital pressure gauge was used to monitor pressure. This sensor has an accuracy of 1% with a
resolution of 0.1 Pa. The pressure transducer was connected to the pitot tube to measure the
velocity pressure at this location. Prior to mounting, the pitot tube was adjusted within the
available space to provide the highest velocity pressure within this restricted area. A duct blaster
was then connected to the fan outlet port and the flow rate through the dehumidifier was varied
to collect as wide a range of air flow as possible. For each setting of the duct blaster, the air flow
rate through the duct blaster and the digital pressure gauge’s output signal were recorded (10 mV
= 1 Pa). This test was repeated with an air flow straightener installed at the inlet to the duct
blaster with similar results. The resulting air flow calibration curve is shown in Figure B-4. The
voltage (mV) output from the electronic pressure transducer (with straightener) was curve fitted
to provide a measure of air flow through the dehumidifier. Although the range of air flows were
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limited, this measurement of integrated dehumidifier air flow rate was the only measurement
available and was intended to provide an indication of changes in air flow rate through the
dehumidifier as the supply air fan inlet static pressure fluctuated.

Figure B-4. Integrated Dehumidifier Air Flow Calibration Results
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Appendix C
Laboratory Test Results
For each test outlined in Section 3.4.1 – Steady-State Tests, measured data were plotted and
reviewed for accuracy. The plotted data were displayed in a similar fashion for each test
performed. Data were grouped on these plots to provide a quick method for reviewing each data
set. Each graph represents a “set” of tests where the AC unit was operated alone and then
operated in conjunction with the integrated dehumidifier. The equations used to calculate various
information displayed on these graphs are provided in Appendix D (e.g., equations used to
calculate air flow rate, capacity, efficiency, and superheat). Results for all tests and a detailed
description for each measurement plotted are presented here.
The graphs can be viewed as a running log of events that occurred during each test. Note that the
title of each figure includes the target conditions for each test. In the case of the first figure
below, 80ºF indoor chamber dry-bulb temperature, 60ºF indoor chamber dew point temperature,
and 95ºF outdoor chamber dry-bulb temperature. A detailed summary is printed at the bottom of
each set of tests and was used to quickly compile information from the extensive data set. The
first figure below (Figure C-1. Performance Measurements for Tests 1 and 2) will be used to
provide a detailed description of the measured data.
As previously described, the first half of each figure (e.g., Test 1 in Table 3-2 and subsequent
odd numbered tests) shows that the air conditioner was operated for a sufficient period of time to
allow steady-state operation. During this portion of the test the integrated dehumidifier was not
operating. A flat stable measurement over a long duration is a clear indication of steady-state
operation. The integrated dehumidifier was then turned on (e.g. Test 2 in Table 3-2 and
subsequent even numbered tests) and remained on until steady-state operation was reached. This
appears to have occurred after approximately 30 minutes for Test 2. Additional measured data
was collected to allow averaging of the data at the end of the test cycle.
The indoor chamber dry-bulb (RAT) and dew point (RADP) temperatures are seen on the upper
left graph as a solid blue and dotted blue line, respectively. These traces are shown to be
relatively stable throughout the entire test period. This would be indicative of the indoor chamber
heaters and steamer accurately holding the prescribed test conditions. The control signals for the
heaters (HEAT) and electric steamer (STEAM) are shown near the bottom of the graph as a red
and blue solid line, respectively. The control signal is 0-10 Vdc (plotted 40-50 on the graph) and
is shown to fluctuate as the control algorithms modify the signals to control indoor chamber
conditions. The outdoor chamber dry-bulb temperature (OAT) is also shown here and appears to
fluctuate a bit more than the indoor chamber temperature yet is able to maintain a reasonable
average near the target temperature.
Supply air dry-bulb (SAT) and dew point (SADP) temperatures are also shown on these graphs.
For Test 1, the supply air dry-bulb and dew point temperatures are approximately 59ºF and 56ºF,
respectively. Note the supply air dry-bulb temperature increases approximately 5ºF, while the
supply air dew point decreases 1.5ºF when the integrated dehumidifier is turned on. Also note the
integrated dehumidifier air flow rate (DHCFM) and outlet air dry-bulb temperature (DHT)
throughout the test. During the first half of the test, the integrated dehumidifier outlet air drybulb temperature is cool (actually near the supply air dry-bulb temperature) and the
dehumidifier’s air flow rate is measured as zero. This would signify the integrated dehumidifier
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was off during this time. When the dehumidifier is turned on, the air flow rate steps up to
approximately 135 cfm and the outlet air dry-bulb temperature rises to approximately 98ºF. This
would be indicative of typical dehumidifier operation.
Other measurements were placed here during the course of testing for more of a diagnostic
purpose. For example, the chilled water coil supply air dry-bulb temperature (shown as an aqua
line) was plotted here to diagnose the reason for the depressed outdoor chamber temperatures
throughout the test sequence. The summary at the bottom of the page notes that the average
outdoor chamber dry-bulb temperatures for Tests 1 and 2 were approximately 93.6ºF when the
target condition was 95ºF. Although the outdoor chamber conditions are nearly the same (which
is ideal when comparing equipment performance), they were over a degree lower than the actual
target temperature. The actual reason for the depressed dry-bulb temperature in the outdoor
chamber was traced to the programming in the variable speed drive controlling the chilled water
pump. The variable speed drive was expecting a 0-0.5 Vdc signal while the data acquisition and
control system was providing a 0-5 Vdc signal. This led to an unreasonably high gain in the
chilled water pump control and, therefore, slightly cooler temperatures than expected.
The upper right plot presents the total (TOT), sensible (SENS), and latent (LAT) capacity of the
AC system. During the first test, the total capacity is shown to be very near the target capacity
(TOT TARGET). Since the test conditions for Tests 1 and 2 were the ARI rating point, this result
was expected. Other test conditions will not meet these criteria. The sensible heat ratio (SHR) is
also shown here to be approximately 0.75 which is typical of conventional cooling equipment.
Condensate (COND), the condensed water leaving the unit, is also shown on this plot. Notice
that the latent capacity calculated using air-side measurements agrees well with the latent
capacity calculated using condensate measurements. The static pressure (AHU Fan Static)
measured at the fan inlet is also shown here at approximately -0.2 inches water column.
More important in this plot is the change in system capacity when the integrated dehumidifier is
turned on. Total and sensible capacities are reduced due to the heat added by the integrated
dehumidifier’s compression system. Latent capacity increases due to the additional
dehumidification from the integrated dehumidifier. The result is a sensible heat ratio that
decreases when the integrated dehumidifier is turned on. This is especially important when high
internal latent loads are present during times when the sensible loads are modest.
The lower left plot is intended to provide information on the refrigerant properties of the main
AC coil and the integrated dehumidifier. Suction and discharge pressures for both refrigerant
circuits are shown here along with selected refrigerant temperatures in various locations. These
measurements investigated the differences in performance on the refrigerant side of the heat
exchangers. At the bottom of the plot are the suction pressures for each refrigerant circuit.
Although not included in the summary at the bottom of the page, the solid lines representing the
main AC system suction (Psuc, behind the green trace) and discharge (Pdis) pressures were
approximately 78 psi and 222 psi, respectively. After the integrated dehumidifier is turned on
and allowed to reach steady-state operation, the dotted lines representing the dehumidifier’s
suction (DH SucP) and discharge (DH DisP) pressures are shown to be quite different than the
main AC system pressures. The integrated dehumidifier suction and discharge pressures were 13
psi lower and 26 psi higher, respectively, than the main AC system pressures. The main AC
system superheat (Superheat) is shown as the dotted red line and averages at approximately 6ºF
throughout the tests. The main AC system subcooling is also shown as a dotted line and averages
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at approximately 11ºF throughout the tests whether measured at the condenser (Subcool Cond)
outlet or the evaporator (Subcool Evap) expansion device inlet.
The final plot in the lower right corner compares measurements of the integrated dehumidifier’s
refrigeration circuit surface temperatures to those measured at similar locations on the standalone
room air dehumidifier. When the integrated dehumidifier is turned on, the surface-mounted
thermocouples on the integrated dehumidifier converge to nearly the same temperatures as
measured on the standalone room air dehumidifier. The actual operating temperatures at the end
of this test sequence are shown in Table C-1.
Table C-1. Surface-Mounted Refrigerant Thermocouples (End of Test 2)
Thermocouple Location
Suction Temperature
Discharge Temperature
Evaporator Middle Temperature
Condenser Middle Temperature
Leaving Condenser Temperature

Integrated
Dehumidifier (°F)
58
186
44
108
90

Standalone Room
Dehumidifier (°F)
49
193
47
119
100

The pressure corresponding to the integrated dehumidifier air flow rate is presented on this plot
as a status signal only. It merely indicates the integrated dehumidifier turned on. Condensate
measurements for both the main AC system and the standalone room air dehumidifier are also
presented here and can only be compared when the integrated dehumidifier is operated
independently of the main AC system (Tests 61-78 in Table 3-3). Standalone room air
dehumidifier condensate collection averages at approximately 39 pints/day at these test
conditions. As a reference point, at 80ºF indoor dry-bulb temperature and 64.9ºF indoor dew
point temperature (near the rating point for dehumidifiers) the condensate collected measured 46
pints/day for this 50-pint per day room dehumidifier.
Table C-2 describes the measured data being plotted on each figure. The remaining figures
represent the detailed measurements made during the laboratory tests described in Section 3.4.1
– Steady State Tests. The figures are presented in order according the tests described in Table 32 and Table 3-3. The laboratory results from Tests 1-60 are presented here and represent two
laboratory tests, one without the integrated dehumidifier operating and the second with the
integrated dehumidifier operating (e.g. Test 1 and 2, Test 3 and 4, etc.). Tests 61-78 are also
shown here and represent the additional tests performed on the integrated dehumidification
system when the AC was not operated.
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Annotation:
Subcool Evap
Subcool Cond
DH SucP
DH DisP
Pdis
Psuc
Superheat
LiqTC
SucTC
LiqTE

Annotation:
Compressor Power
Fan Power
OAT
CFM
CFMTarget
DHCFM
Steam
Heat
RAT
RADP
SAT
SADP
DHT
DHDP

Lower Left Graph
Description:
Refrigerant subcool at evaporator
Refrigerant subcool at condenser
Integrated dehumidifier suction pressure
Integrated dehumidifier discharge pressure
AC system discharge pressure
AC system suction pressure
AC system refrigerant superheat measured at evaporator
AC system refrigerant liquid temperature leaving condenser
AC system refrigerant gas temperature leaving evaporator
AC system refrigerant liquid temperature entering
expansion device

Upper Left Graph
Description:
AC system condenser
AC system supply air fan
Outdoor chamber entering condenser dry-bulb temperature
AC system supply air flow rate
Target CRM at ARI rating conditions
Integrated dehumidifier air flow rate
Control signal to steam humidifier
Control signal to resistive heaters
Return air dry-bulb temperature
Return air dew point temperature
Supply air dry-bulb temperature
Supply air dew point temperature
Integrated dehumidifier leaving air dry-bulb temperature
Integrated dehumidifier leaving air dew point temperature

Table C-2. Description of Graphical Data

Stand-alone dehumidifier refrigerant temperature on evaporator u-bend
Stand-alone dehumidifier refrigerant temperature on condenser u-bend
Stand-alone dehumidifier refrigerant temperature at condenser outlet

SA Evap T
SA Cond T
SA Cond Out
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Lower Right Graph
Description:
Integrated dehumidifier pitot-tube differential pressure
Stand-alone dehumidifier condensate tipping bucket
AC system condensate tipping bucket
Integrated dehumidifier refrigerant suction temperature
Integrated dehumidifier refrigerant discharge temperature
Integrated dehumidifier refrigerant temperature on evaporator u-bend
Integrated dehumidifier refrigerant temperature on condenser u-bend
Integrated dehumidifier refrigerant temperature at condenser outlet
Stand-alone dehumidifier refrigerant suction temperature
Stand-alone dehumidifier refrigerant discharge temperature

Upper Right Graph
Description:
Static pressure at AC system fan inlet
Total AC cooling capacity
Total AC cooling capacity target at ARI rating point
Sensible AC cooling capacity
Latent AC cooling capacity
Condensate tipping bucket
Sensible heat ratio

Annotation:
DH Pascals
SA Condensate
AC Condensate
DH Suc T
DH Dis T
DH Evap T
DH Cond T
DH Cond Out
SA Suc T
SA Dis T

Annotation:
AHU Fan Static
TOT
TOT TARGET
SENS
LAT
COND
SHR

Figure C-1. Performance Measurements for Tests 1 and 2
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Figure C-2. Performance Measurements for Tests 3 and 4
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Figure C-3. Performance Measurements for Tests 5 and 6
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Figure C-4. Performance Measurements for Tests 7 and 8
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Figure C-5. Performance Measurements for Tests 9 and 10
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Figure C-6. Performance Measurements for Tests 11 and 12
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Figure C-7. Performance Measurements for Tests 13 and 14
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Figure C-8. Performance Measurements for Tests 15 and 16
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Figure C-9. Performance Measurements for Tests 17 and 18
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Figure C-10. Performance Measurements for Tests 19 and 20
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Figure C-11. Performance Measurements for Tests 21 and 22
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Figure C-12. Performance Measurements for Tests 23 and 24
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Figure C-13. Performance Measurements for Tests 25 and 26
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Figure C-14. Performance Measurements for Tests 27 and 28
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Figure C-15. Performance Measurements for Tests 29 and 30
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Figure C-16. Performance Measurements for Tests 31 and 32
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Figure C-17. Performance Measurements for Tests 33 and 34
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Figure C-18. Performance Measurements for Tests 35 and 36
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Figure C-19. Performance Measurements for Tests 37 and 38
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Figure C-20. Performance Measurements for Tests 39 and 40
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Figure C-21. Performance Measurements for Tests 41 and 42
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Figure C-22. Performance Measurements for Tests 43 and 44
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Figure C-23. Performance Measurements for Tests 45 and 46
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Figure C-24. Performance Measurements for Tests 47 and 48
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Figure C-25. Performance Measurements for Tests 49 and 50
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Figure C-26. Performance Measurements for Tests 51 and 52
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Figure C-27. Performance Measurements for Tests 53 and 54
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Figure C-28. Performance Measurements for Tests 55 and 56
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Figure C-29. Performance Measurements for Tests 57 and 58
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Figure C-30. Performance Measurements for Tests 59 and 60
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Figure C-31. Performance Measurements for Test 61
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Figure C-32. Performance Measurements for Test 62

C-36

Figure C-33. Performance Measurements for Test 63
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Figure C-34. Performance Measurements for Test 64
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Figure C-35. Performance Measurements for Test 65

C-39

Figure C-36. Performance Measurements for Test 66
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Figure C-37. Performance Measurements for Test 67

C-41

Figure C-38. Performance Measurements for Test 68
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Figure C-39. Performance Measurements for Test 69
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Figure C-40. Performance Measurements for Test 70
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Figure C-41. Performance Measurements for Test 71
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Figure C-42. Performance Measurements for Test 72
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Figure C-43. Performance Measurements for Test 73
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Figure C-44. Performance Measurements for Test 74
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Figure C-45. Performance Measurements for Test 75
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Figure C-46. Performance Measurements for Test 76
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Figure C-47. Performance Measurements for Test 77
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Figure C-48. Performance Measurements for Test 78
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Appendix D
Engineering Equations

Performance Measurements
Using measured data (i.e. dry-bulb temperature, dew point temperature, air flow station pressure,
etc), the performance of the AC system at steady-state conditions was calculated using standard
engineering equations. The following engineering equations were applied to all laboratory
measurements. Conversions for air flow rate, capacity, condensate, and other useful information
are described here.
System Airflow Rate:
The total air flow rate through the prototype AC unit. This calculation uses the measured squareedged orifice pressure drop to calculate a volumetric flow rate. The conversion from pressure
(inches water column) to air flow rate in cubic feet per minute is shown below.

cfm = 266.614 (13.8* Pinwc )

0.5

[ft3/min]

Sensible Capacity:
The net sensible cooling capacity of the prototype AC unit. This calculation includes supply air
fan heat, compressor heat generated by the integrated dehumidifier and integrated dehumidifier
fan heat when operating. The simple heat transfer calculation shown below uses the return and
supply air temperatures and air flow rate through the unit. The constant used in the calculation of
sensible cooling uses the specific heat of air, the density of moist air at a dry-bulb temperature of
61ºF and 56 ºF dew point temperature (the approximate supply air conditions entering the air
flow monitoring station) and a conversion for minutes in an hour.
⎡

1.09 = 0.24 ⎡⎣⎢ BTU lbma − F ⎤⎦⎥ * 0.0757 ⎢⎢lbma
⎣

⎤
⎥
3
ft ⎥⎦

[Btu-min/ft3-hr-F]

* 60 ⎡⎣⎢min hr ⎤⎦⎥

Qsens = 1.09 ( cfm )( Tret − Tsup )

[Btu/h]

Latent Capacity:
The net latent cooling capacity of the prototype AC unit. This calculation includes only the
impact of the main AC cooling coil and integrated dehumidifier cooling coil when operating.
The simple heat transfer calculation shown below uses the return and supply air humidity ratio
and air flow rate through the unit. Psychrometric routines were used to calculate the air humidity
ratio based on the air dry-bulb and dew point temperatures. The constant used in the calculation
uses the latent heat of condensation for water, the density of moist air at a dry-bulb temperature
of 61ºF and 56 ºF dew point temperature (the approximate supply air conditions entering the air
flow monitoring station) and a conversion for minutes in an hour. This constant was rounded to
the nearest 10’s to provide the final equation for latent capacity.
⎡

4840 = 1065 ⎡⎣⎢ Btu lbw⎤⎦⎥ * 0.0757 ⎢⎢lbma
⎣

⎤
⎥
3
ft ⎦⎥

[Btu-lbma-min/lbw-ft3-hr]

* 60 ⎡⎣⎢min hr ⎤⎦⎥

Qlat = 4840 ( cfm )( wret − wsup )

[Btu/h]
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Total Capacity:
The net total cooling capacity of the AC unit. This calculation includes supply air fan heat,
compressor heat generated by the integrated dehumidifier and integrated dehumidifier fan heat
when operating. This calculation is simply the sum of the sensible and latent capacity
calculations above.

Qtot = Qsens + Qlat

[Btu/h]

Condensate:
As previously described, condensate leaving the prototype AC unit or standalone room air
dehumidifier was measured with a rain gauge tipping bucket. The amount of water required to
initiate a “tip” of the bucket was determined to be 0.014 lb. An additional correction was
included to account for the change in tipping bucket calibration as the condensate flow rate
increased. The following illustrates the conversion of condensate to other relevant parameters.

Cond = Tips * 0.014 ⎡⎢⎣lb tip ⎤⎥⎦ + ( Tips − 1) * 0.00042 ⎡⎢⎣lb tip + ⎤⎥⎦

[lb/min]

Qcond = Cond [lb / min ] *1065 ⎡ Btu
lb
⎢⎣

[Btu/hr]

⎤ *60 ⎡ min ⎤
hr ⎦
⎥⎦
⎣

•

V cond = Cond * 0.1198 ⎡⎣⎢ gal lb⎤⎦⎥ *8 ⎡⎢⎣ pints gal ⎤⎥⎦ * 60 ⎡⎣⎢min hr ⎤⎦⎥ * 24 ⎡⎢⎣hr day ⎤⎥⎦

[pints/day]

•
⎤ V• cond
V cond , liter = 0.473 ⎡liters
pint ⎥⎦
⎢⎣

[liters/day]

( )

Dehumidifier Efficiency:
The performance of room air dehumidifiers is measured in terms of moisture removal efficiency.
The dehumidification efficiency factor (EF) denotes the amount of condensate [liters] removed
per day divided by the electrical energy [kWh] consumed over the same period.
•

EF = V cond , liter

[liters/kWh]

PDH

Integrated Dehumidifier Air Flow Rate:
The air flow rate through the integrated dehumidifier was measured using a pitot tube and a
digital pressure gauge (Appendix B – Dehumidifier Air Flow). The equation below is only valid
over a range of air flows of approximately 100-170 cfm. The expected air flow rate through the
integrated dehumidifier was expected to be 130-150 cfm. The calibration equation is shown
below.

cfmDH = −205.99 + 14.07831 ( mV ) − 0.13522 ( mV )

2

[ft3/min]

Refrigerant Superheat:
A simple curve fit of saturated refrigerant temperature versus pressures was used to provide this
diagnostic information. The saturated refrigerant temperature is then subtracted from the
refrigerant temperature leaving the evaporator.
⎛
⎞
1
⎜
⎟
Tsat = 151.194 − 167.401 ⎡
[ºF]
⎜ ⎢ Psuc 168.317⎤⎥ ⎟
⎦
⎝ e⎣
⎠
Tsh = Tsuc − Tsat
[ºF]
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Appendix E
Laboratory Results Summary
The measured steady-state performance data were compiled in tabular form for analysis as
shown in Table E-1 and Table E-2. The columns located under the heading labeled “Test
Configuration” represent the specifications for the test performed and correspond to the test
conditions listed in Table 3-2 and Table 3-3 in the main body of the report. Under this column
heading, the test identification number and status of the integrated dehumidifier are shown for
each test. In addition, the target indoor chamber dry-bulb and dew point temperature, along with
the target outdoor chamber dry-bulb temperature are also shown. The remainder of each table
presents the measured data as the average value during the last 15-minutes of each test.
The summary results for Tests 1 and 2 will be discussed here. For these two tests, the test
configuration is specified as 80ºF for the indoor chamber dry-bulb temperature, 60.4ºF for the
indoor chamber dew point temperature, and 95ºF for the outdoor chamber dry-bulb temperature.
The integrated dehumidifier was turned off for Test 1 and turned on for Test 2.
The first two columns of measured data (columns 6 and 7) show that the air-conditioning unit
inlet air dry-bulb and dew point temperatures are 79.9ºF and 60.4ºF, respectively, for each of
these tests. These measurements represent tightly controlled indoor chamber conditions. The
supply air dry-bulb and dew point temperatures are presented in the next two columns in the
table (e.g., 58.7ºF and 56.1ºF for Test 1). These measurements were used to calculate the air-side
capacity information in subsequent columns of the table.
The next column in the table shows the outdoor chamber dry-bulb temperatures are 93.5ºF and
93.7ºF for Tests 1 and 2, respectively. Although these temperatures are close in magnitude, they
average 1.4ºF cooler than the target temperature. This test was repeated, in fact two additional
times, since the target outdoor temperature was not met. However, this data set represents the
best of the 4 tests conducted at these test conditions. A regression analysis (see Analyzing
Performance Measurements below) was subsequently used to account for differences in actual
indoor and/or outdoor chamber temperature versus the target conditions.
The total unit and integrated dehumidifier air flow rates are presented in the following two
columns and were also used to calculate capacity information in the following columns.
Total, sensible, and latent cooling capacity are presented in the next three columns in order to
compare the impact of operating the integrated dehumidifier. Comparing Test 2 (integrated
dehumidifier on) with Test 1 (integrated dehumidifier off), the total and sensible cooling capacity
are shown to decrease by 2.5 MBtu/h and 4.8 MBtu/h, respectively. For these same tests, the
latent cooling capacity is shown to increase by 2.3 MBtu/h. In addition, the latent cooling
capacity calculated using the condensate removal rate is shown to agree with the latent cooling
capacity calculated using air-side measurements to within 2%. Comparing the air-side and
condensate latent capacity measurements for the remaining tests shows a maximum difference of
approximately 25%. The higher percentage differences occurred during Tests 61-78 when the
latent capacity rates were small. For Tests 1-60, the maximum difference was approximately
10%. The average difference in the latent capacity measured using psychrometric properties of
air and the latent capacity determined from condensate measurements was 2% for all tests
conducted.
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Total system sensible heat ratio (SHR) is shown in the next column. This value is the ratio of the
sensible (temperature) to total (temperature plus moisture removal) capacity based on air-side
measurements. Note the change in magnitude of the SHR when the integrated dehumidifier is
turned on for Test 2. The SHR drops from 0.75 in Test 1 to 0.63 in Test 2, or a 16% reduction in
overall system SHR.
The final two columns show the measured power for the integrated dehumidifier and the
standalone room air dehumidifier. The integrated dehumidifier consistently measured a higher
power usage compared to the standalone room air dehumidifier, with an average difference of
35.2 W for all tests when the integrated dehumidifier operated. The minimum and maximum
differences for these same tests were 24W and 48W, respectively. This result is promising since
the integrated dehumidifier required two fans to provide nearly the same air flow as the
standalone room air dehumidifier.
Table E-2 contains three additional columns compared to Table E-1. These additional columns
contain the standalone room dehumidifier condensate removal rate, and the dehumidification
efficiency factor (EF) for both the integrated dehumidifier and the standalone room air
dehumidifier. These performance values are only presented when the main AC system is off,
when the performance of the integrated and standalone dehumidifiers can be compared directly.
Note that the efficiency factor for the integrated dehumidifier is approximately 1.2 L/kWh
whereas the efficiency for the room dehumidifier is nearly 1.4 L/kWh (Tests 61-63). The test
configuration for these tests represents the rating point for room dehumidifiers1. The efficiency
of the prototype system’s dehumidifier is approximately 8% lower than the Federal minimum
efficiency standard of 1.3 L/kWh2 for a comparable standalone room air dehumidifier with
moisture removal capacity between 35.01 and 54 pints per day.
A portion of the dehumidification efficiency reduction may have been due to a small refrigerant
leak in the prototype dehumidifier’s refrigeration system. However, this refrigerant leak was
found during the field test phase of this project and it is not known if this actually impacted the
measurements made during laboratory testing. Additional improvements in efficiency could also
be made with only slight modifications to the existing prototype. For example, the integrated
dehumidifier’s dual supply fans could be combined into a single efficient fan. This fan could also
provide a slight increase in air flow to further boost the efficiency of the unit. And the additional
refrigerant filter installed to protect the prototype refrigeration system and sight glass used
during the charging phase would certainly be removed for a production unit, providing an
additional increase in efficiency. These efficiency improvements would be made through
additional performance testing or by manufacturers as this prototype system is brought to market.
Table E-2 also shows the impact of operating the air handler’s main supply air fan at various air
flow rates during times when the main AC coil is off. For these tests, the supply air fan was set to
provide 140, 280 and 500 cfm through the AC system. These tests were performed to investigate
fan control strategies prior to field testing where the main AC supply air fan could be used to
circulate dehumidified air throughout the building.

1
2

ANSI/AHAM DH-1-2003, http://www.aham.org/
Energy Policy Act of 2005, http://www.doi.gov/iepa/EnergyPolicyActof2005.pdf
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Table E-1. Laboratory Results of Steady-State Performance Testing
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Table E-1. Laboratory Results of Steady-State Performance Testing (continued)

Table E-2. Laboratory Results of Prototype Dehumidifier and Room Dehumidifier Tests
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Analyzing Performance Measurements
For each steady-state test denoted in Table 3-2 in the main body of the report, the average indoor
chamber air conditions and average outdoor chamber dry-bulb temperature were compared to the
target conditions for each test. If the average indoor chamber dry-bulb or dew point temperature
or average outdoor chamber dry-bulb temperature were different by more than 0.5ºF from the
target condition, the test was repeated. In addition, if the average conditions for a given test were
different by more than 0.5ºF from the test at the same conditions with the integrated dehumidifier
operating (i.e., Test 1 vs 2, Test 3 vs 4, etc.), the test was also repeated.
Despite repeated attempts, the target conditions were not maintained within the established
tolerances for several of the test cases. For example, the average outdoor chamber dry-bulb
temperature for Test 1 was 93.5º F compared to the target outdoor chamber dry-bulb temperature
of 95±0.5º F. On the other hand, the measured indoor chamber conditions were within 0.1ºF of
the target conditions. This test was repeated based on the depressed outdoor chamber dry-bulb
temperature; however, the results were not significantly improved over the previous run. Reasons
for the inability to maintain precise indoor or outdoor conditions for all tests include insufficient
steam humidifier capacity to maintain indoor chamber dew point temperature, failed heater
relays that control indoor chamber dry-bulb temperature, and diminished chilled water flow from
an aged pump impeller.
Comparison of performance for the prototype system with and without the integrated
dehumidifier operating was improved by making adjustments to account for differences in test
conditions. Specifically, a multivariate linear regression analysis was performed on the data set.
The measured total and sensible cooling capacities for each operating mode were first
normalized to the ARI Standard 210/240 rating condition (Tests 1 and 2)3. A regression analysis
was then performed on the normalized capacities according to the equations shown below. The
coefficients resulting from these multivariate regressions are shown in Table E-3.

Qtot = A0 + A1* Tin, wb + A2* (Tin , wb ) + A3* Tout , db + A4* (Tout , db ) + A5* Tin , wb * Tout , db
2

2

Qsens = A0 + A1* Tin , wb + A2* (Tin , wb ) + A3* Tout , db + A4* (Tout , db ) + A5* Tin , wb * Tout , db + A6* Tin , db
2

2

Table E-3. Normalized Regression Coefficients for Total and Sensible Cooling Capacity

Performance Measure

A0

A1

A2

A3

A4

A5

Total AC Capacity
Sensible AC Capacity
Total AC+DH Capacity
Sensible AC+DH Capacity

-0.66633
0.20419
-1.29499
-0.54934

7.6922E-3
-4.0149E-2
1.5011E-2
-4.843E-5

1.2030E-4
-4.3750E-5
9.0934E-5
-1.2972E-4

2.2684E-2
4.6948E-3
3.2317E-2
1.9919E-2

-1.1906E-4
-2.6366E-5
-1.6249E-4
-1.1685E-4

-7.5174E-5
-2.3846E-5
-1.1563E-4
-2.5811E-5

A6
4.5350E-2
5.8725E-2

The absolute and percentage differences between the measured capacity and that predicted by the
regression models are shown in Table E-4. Total and sensible capacity differences are typically
less than 0.5%. Differences greater than 0.5% and less than or equal to 1.0% are highlighted in
green. The few differences that were found to be greater than 1% are highlighted in red.

3

http://www.ari.org/
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Table E-4. Comparison of Measured Capacities to Regression Model Predictions
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Comparing the measured capacity for the prototype system when the integrated dehumidifier is
not operating with the measured capacity of the system when the integrated dehumidifier is
operating is now a simple matter of applying the regression coefficients to the measured indoor
and outdoor chamber conditions for each test. In Figure E-1 below, the measured total and
sensible cooling capacities are shown for Tests 1-12.
Capacity is plotted versus indoor chamber wet-bulb temperature. The target indoor chamber wetbulb temperature is also shown as a dashed vertical line. Notice the measured data (symbols) do
not line up exactly with the target indoor chamber wet-bulb temperature in many cases. The
regression analysis was specifically chosen to adjust for these differences. The output of the
regression model is shown as a red dashed line in the figure. In this figure, the regression model
output was calculated based on the actual operating conditions (i.e., measured indoor chamber
dry-bulb and wet-bulb temperatures, and the measured outdoor chamber dry-bulb temperature) to
predict both the total and sensible cooling capacity for comparison with the measured data.
The top, upward-sloping red dashed line on the graph represents the predicted total cooling
capacity for the prototype system when the integrated dehumidifier is not operating. The
measured data (blue diamonds) line up rather well with the target indoor wet-bulb temperatures,
as well as the predicted total cooling capacity determined using the regression model. The next
group of data (aqua circles) represent the measured total cooling capacity of the prototype system
when the integrated dehumidifier is operating. In this case, the measured data do not align as
well with the target indoor wet-bulb temperature; however, the data agree extremely well with
the regression model predictions. Both groups of data discussed thus far show that total cooling
capacity is a very strong function of indoor wet-bulb temperature when the outdoor chamber
condition is fixed.

Figure E-1. Measured versus Predicted Laboratory Results
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The remaining sets of measured data and associated regression model predictions represent the
sensible cooling capacity of the prototype system with and without the use of the integrated
dehumidifier at three different indoor chamber dry-bulb temperatures. As with total capacity, the
sensible capacity is reduced when the integrated dehumidifier is operating. However in the case
of the sensible capacity calculations, the resulting capacity is a function of both indoor wet-bulb
temperature and indoor dry-bulb temperature at a fixed outdoor chamber dry-bulb temperature.
In addition, the majority of the data points are shown to agree extremely well with the regression
predictions. However, the data point for Test 8 is shown to miss the target indoor wet-bulb
temperature (pink square measurement near 64ºF wet-bulb temperature). In fact, it is 1.3ºF lower
than the target indoor chamber wet-bulb temperature while the indoor dry-bulb temperature is
shown to meet the target indoor dry-bulb temperature quite accurately (Table E-1). This is a
good example of how a relatively small difference in a single target condition can cause a rather
dramatic difference in the measured sensible capacity. Here again, the regression model was able
to adjust for the difference in test conditions and predict the sensible cooling capacity at the
target conditions to within 1% as shown in Table E-4.
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Appendix F
Operating Configurations and other Major Events During Prototype Field Testing
Date(s)

Unit configuration or event

July 19 - Initial Setup

• Thermostat set point at 76ºF from 7:30 am to 6:00 pm weekdays,
78ºF all other times.
• Humidistat set point at 50% RH.
• Supply air fan control set to allow manufacturer’s programming to
control supply air fan motor on call for cooling, heating, or fan ON
operation when no cooling or heating is required. All other times
supply air fan is controlled via ECM motor controller.
• Air handler supply air fan is found to only allow a minimum air flow
of 500 cfm. Laboratory measurements of dehumidifier-only
operation determined that approximately 140 cfm would be
required for proper air flow through prototype air handler (to avoid
high discharge temperature and pressure). It appears that
approximately 100 cfm of air flows through prototype air handler
when operating with the supply air fan off (presumably due to
lower duct static pressure in field). Control of supply air fan for
dehumidifier-only operation is suspended for the time being.
Supply air fan is off when the integrated dehumidifier operates but
the main AC cooling compressor is off and thermostat fan control
is set to AUTO.
• Room humidifier set at 1 gal/day continuously, master bedroom
humidifier set at ½ gal per day from 4pm to 6am. Master
bathroom shower activated at 7:00 am and 9:00 pm for 10
minutes. Dishwasher activated at 6:00 pm each evening to run
through a complete cycle.
• Data collection interval set to 10 minutes.

July 19 – 8:00 am

Data collection begins.

July 19 – 12 :00 pm

Data collection interval decreased to 1 minute (from 10) to provide
better resolution of measurements (also matches data collection
interval of laboratory measurements).

July 24 – 10:00 am

AHU floor penetration sealed around refrigerant and condensate lines.

July 25 – 8:00 am

Humidistat set point increased to 57% RH (from 50% RH).

July 25 – 12:30 pm

Installed supply air diffuser thermocouple (nearest to air handler) to
confirm air flow through supply air duct when the prototype system’s
integrated dehumidifier operates but the main air handler fan is off.
Modified data logger and data collection programs accordingly.

July 25 - 11:00 pm thru
July 26 - 8:00 am

Inaccurate measurement of air flow through the prototype system’s
integrated dehumidifier due to modified data logger program.

July 26 – 8:00 am

Measurement of air flow through the prototype system’s integrated
dehumidifier was corrupted with previous program modification.
Downloaded new program to data logger.
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July 26 – 8:15 am

Forced prototype system’s integrated dehumidifier to operate to test
program for accurate dehumidifier air flow measurement (humidistat
set point reduced to 50% RH for several minutes, then returned to
57% RH).

July 27 – 8:00 am

Output of 4-20mA sensors installed at the AHU return air inlet and
AHU supply air discharge are questionable. Installed return and supply
air thermocouples to compare with 4-20mA sensors at same location.

July 27 – 9:00 am

Changed thermostat fan operating mode switch to CONSTANT (ON) to
help identify discrepancies in return and supply air measurements.

July 27 – 9:45 am

Increased thermostat set point temperature to 85°F to allow a wide
range of temperatures to pass by return and supply air sensors to
compare with thermocouples installed this morning.

July 27 – 10:35 am

Increased humidistat set point to 70% RH to disable the prototype
system’s integrated dehumidifier during sensor verification testing.
Returned humidistat setting to 57% RH upon completion of tests.

July 27 – 10:45 am

Increased settling time on data logger multiplexer to determine if that
has anything to do with the return and supply air temperature
measurement discrepancy.

July 27 – 1:00 pm

Returned thermostat and humidistat to previous settings.

August 9 – 10:00 am

Verified condensate tipping bucket calibration at 0.0186 lb/tip.
Collected 84.3 grams of condensate corresponding to 10 tips of the
tipping bucket (8.43 grams/tip).

August 10 - 8:59 am –
11:15 am

Loss of data

August 13 – 1:37 pm

Modified data logger program to automatically operate dehumidifier
in 1 week intervals: 1 week AC only, and 1 week AC plus integrated
dehumidifier for the remainder of the data collection period.

August 17 – 8:00 am

Increased thermostat set point temperature to 80ºF to measure
prototype system capacity at warmer return air inlet temperatures.

August 17 – 6:00 pm

Returned thermostat set point temperature to original setting.

August 20 – 6:00 am

Integrated dehumidifier’s suction pressure transducer failed.

August 23 – 10:30 am

AC condenser power meter began showing approximately 1 Wh every
2.5 minutes. The reason for this change is unclear at this time.

August 23 – 5:00 pm

Completed installation of temperature and relative humidity sensors
in master and spare bedrooms.

August 31 – 1:15 pm

AC condenser power meter readings starting August 23 stopped for
no apparent reason. The additional power draw equates to ~100 mA
draw on the 220 VAC circuit.

September 5 – 3:30 pm

Repaired integrated dehumidifier’s suction pressure transducer (failed
Aug. 20).

September 7 – 3:00 pm

Determined that the prototype system’s integrated dehumidifier had a
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refrigerant leak. Recharged system to 12.5 oz R-22.
September 10 – 8:00 am

Condensate tipping bucket had clogged, removed debris.

September 10 – 10:30 am

Testing prototype system’s integrated dehumidifier for capacity and
efficiency. It appeared that 12.5 oz provided high condensate capacity
but at a higher power draw (~100 W higher). Appeared to be running
with a flooded evaporator. EF was better than laboratory results, but
comparison to laboratory data was considered a priority. Adjusted
charge to obtain evaporator temperature in upper 40’s and 10ºF
superheat. Charge closer to 10.5 oz.

September 10 – 11:00 am

Condensate P-trap added to condensate line in crawl space.

September 11 – 8:00 am

Prototype system’s integrated dehumidifier lost charge overnight.
Recharged to 10.5 oz.

September 12

Prototype system’s integrated dehumidifier shut down for
investigation of refrigerant leak. Dehumidifier’s refrigerant circuit was
evacuated and left overnight to test for leaks.

September 12 – 13:00 –
13:50 pm

Prototype system’s integrated dehumidifier charged to 10.5 oz.
Dehumidifier tested for operation. 13:12 – 13:32 pm: Integrated
dehumidifier operated with the main AC cooling coil deactivated.
13:32 – 13:50 pm: AC system and dehumidifier operated together.

September 12 – 13:50 pm

Prototype AC system returned to normal operation.

September 13 – 9:40 am

Condensate removal rate appears to have changed due to the
maintenance performed (Sep. 10 – 8 am) due to a clog. Tipping
bucket calibration verified at 169.7 g / 30 tips = 0.0125 lb/tip. Valid
after Sep 10, 8:00 am.

September 15 – 9:00 am

Exterior of Manufactured Housing Lab was pressure washed. Use data
as investigation of low sensible load.

September 19 – 8:00 am

Duct leakage training class held in MHLab with 12 attendees. Data
collected today after 8 am and tomorrow will be omitted from the
analysis.

September 26 – 1:30 pm

Tour of Manufactured Housing Laboratory by utility representatives.
Tour lasted 30 minutes.

October 22 – 2:45 pm

2.5 ounces of R-22 were added to the integrated dehumidifier.

October 22 – 5:00 pm

Power meter monitoring integrated dehumidifier failed.

October 31

Field monitoring ends.
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Appendix G
Development of a Humidity-Responsive Control for Variable Speed Air Handler Fans for
Residential Air Conditioners and Heat Pumps
Danny Parker
John Sherwin
October 2007
Introduction:
The need for improved humidity control in homes is increasingly desirable to reduce mold/mildew
and allergens that are affected by interior humidity levels (Chandra and Beal 2001). As seen in
companion work within this project (Henderson et al. 2007), as homes become more energy
efficient, reducing sensible loads, the hours which interior humidity can exceed 60% RH in humid
locations becomes more problematic. Similarly, the addition of outside air ventilation in modern
homes can also substantially increase interior moisture loads.
At the same time humidity control is important, minimizing the energy use of residential air
conditioning systems is important as well as lowering utility-coincident peak electrical demand.
Within the research, we looked to apply the research data developed in the project to produce an
indoor humidity responsive air handler control such that humidity control and energy efficiency
are both optimized with existing equipment.
Our control system utilizes the following features:
•
•
•

Variable speed indoor blower,
Thermostat with relative humidity sensor, and
Integrated circuit with control logic to select fan speed and fan delay.

The control system was successfully implemented and demonstrated in the laboratory. The
equipment was then installed at a field test site in Cocoa Beach, Florida. Some field test data were
collected at the end of the project. Unfortunately, the humidity control points selected were too
high for the space in which it was installed to demonstrate the anticipated impact. Future testing
will modify the control points accordingly with test data taken beyond the time frame of this
project.

Background
Current residential air-conditioning systems are not optimized for the prevailing climates and
weather in which they operate. Generally they operate the same across climates and seasons in
various locations. They utilize the same blower speeds and post compressor fan-on-time delays
regardless of where the air-conditioning systems are installed.
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We proposed a system to optimize air conditioner and heat pump performance for the climate in
which the system is installed. The system uses a variable speed fan control system with adaptive
controls that respond to the measured interior humidity level.
Recent research (Shirey, Henderson and Raustad 2006) has shown that two factors, post
compressor cycle evaporator fan runtime, and (to a lesser extent) air flow rate across the indoor
cooling coil can impact the room moisture balance with unitary air conditioning equipment. Within
the proposed controls, we take advantage of relevant findings to design a control which will
smooth room interior relative humidity while potentially optimizing cooling equipment energy
efficiency within the objective to control space relative humidity to less than 55%.
Importance of Coil Air Flow to Achieve Room Moisture Balance
The performance of a conventional split system residential air conditioner is dependent on
adequate air flow across the evaporator coil to achieve a balance between sensible heat transfer and
moisture removal (Khattar et al. 1987). The Air Conditioning Contractor's Association of America
recommends selecting cooling equipment (Manual S) based on its stated sensible and latent
performance (from Manual J), designing ducts to accommodate the necessary air flow, and
adjusting air handler fan speed to match loads to provide the recommended flow. However, a
problem with this approach is that contractors almost never check in the field to determine if
design air flow rates correspond with what is achieved.
If coil air flow is too high, air moisture removal is compromised and fan power may be elevated.
However if flow is too low, sensible cooling is reduced with degradation of cooling system energy
efficiency ratio (EER). Very low air flow may lead to evaporator coil icing, refrigerant flood back
and eventual compressor failure. Manufacturer’s recommended air flow rates for residential split
systems are typically 350 - 450 cubic feet per minute (cfm) per ton of cooling capacity. An air flow
rate of 425 - 450 cfm per ton through a dry coil usually will be needed to achieve 400 cfm/ton
when the AC is operating with a wet coil.
It has long been known that the sensible heat ratio or SHR at which an air-conditioning system
operates is somewhat sensitive to the coil air flow rates. Generally, higher air flow rates give
higher operating SHRs which are appropriate to dry conditions where moisture removal is not
beneficial. Conversely, lower air flow rates will increase the moisture removal rate of unitary air
conditioning equipment. This is compounded by the fact that lower flow rates will somewhat
depress sensible cooling rates resulting in longer runtimes that can remove more moisture. Thus,
low SHR is desired in hot and humid climates or in other climates when sensible cooling loads are
low, but moisture loads remain high.
In 1997, FSEC performed detailed laboratory tests on the coil latent and sensible capacity
sensitivity to coil air flow (Parker et al. 1997). Within these tests we found that sensible capacity
responds strongly to air flow: sensible capacity drops by approximately 15% due to a drop from
425 to 300 cfm/ton whereas latent capacity is increased by roughly 7%. Ninety-five percent of
potential latent capacity is achieved at 359 cfm/ton at a cost of only about 10% in sensible
capacity. In a separate investigation, Palani et al.(1992) produced very similar results in another
laboratory.
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As can be seen in Figure G-1, most of the potential latent capacity is realized by the point where
flow is 300 cfm/ton and latent capacity actually begins to drop below 250 cfm/ton. These test
results are illustrated below.

Figure G-1. Impact of coil air flow on sensible and latent cooling capacity and unit power

In more recent research, Shirey, Henderson and Raustad (2006) showed similar impacts where coil
air flow of 300 cfm per ton at a 51% relative humidity (60ºF dew point) entering condition could
produce an SHR around 0.70 against approximately 0.76 at 400 cfm per ton and 0.80 at 450 cfm
per ton. 1 The level of trade-off in sensible against latent capacity suggests good potential to
manipulate humidity removal when room conditions are too wet and to improve sensible cooling
performance at other times which can translate to reduced space cooling energy as the control
thermostat generally responds only to sensible (dry-bulb temperature) conditions.
It must be expected, however, that the translated impacts may be smaller in actual homes. For
instance, a field study in the same report failed to show any pronounced impact of modulated coil
air flow rate on interior moisture levels (for field results, see Section 4.5.4 of Shirey, Henderson
and Raustad 2006). However, these tests may have been confounded by the equipment featuring
two-stage cooling which may have masked the potential impact of modulating air flow. Another
possibility is that duct leakage overwhelmed moisture reductions from lower air flows from longer
overall runtimes.
1

See Figure 3-11 of the cited report.
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However, a key finding from this research is that control of the post compressor fan time delay
may be much more important to achieving moisture control objectives as illustrated by the
differences seen in AUTO fan mode (fan is off immediately at the end of cycle) and those with
constant fan operation.
Impact of Runtime and Cycling on Moisture Removal
Over-sizing of air conditioners is common in actual homes based on surveys practice evaluations
(Vieira et al. 1996). The more an air conditioner is oversized, the poorer its humidity removal
performance, especially at higher thermostat settings and when a fan time delay is utilized. This is
because, during each air conditioning on cycle, the moisture removal does not reach full capacity
for the first several minutes of operation. This impact was seen by Khattar et al. (1985) and again
by O'Neal and Katipamula (1991) where it was observed that excessive cycling would adversely
impact dehumidification performance. The second reference found that full latent capacity was not
developed earlier than three minutes into the cycle and that latent removal only began after sixty
seconds.
The more the system is
oversized, the shorter the
on-cycle during which
moisture is removed. Thus,
if a home is properly sized
with a 2-ton air conditioner
and a 4-ton system is
installed, the 2-ton machine
would do a better job
removing moisture even
though the 4-ton machine
had twice the nameplate
humidity removal
capability (Btu/hr). The
shorter the air conditioner
on-cycle, the less chance
for effective moisture
removal. This fact can be
clearly seen in Figure G-2,
which is taken from
Figure G-2. Impact of AC cycle length on humidity removal
Khattar’s test data. This is
also underscored by the
more recent data taken by Shirey, Henderson and Raustad (2006) which shows that the time until
condensate begins flowing and the moisture is actually removed from the building is often ten
minutes or more (when starting from a completely dry cooling coil). Finally, fan delays are
commonly used at the end of the compressor cycle. Thus, the more often the AC cycles, the more
often it will be evaporating moisture from the coil into the supply air stream at the end of the cycle
compressor.
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Impact of Post Compressor Fan Runtime
Post compressor fan delays are very commonly used by manufacturers which can find a 1-3%
increase in system SEER through the use of such strategies by reducing the value of the cycling
degradation coefficient (Cd) used in the DOE test procedure. Whether post compressor fan run
time actually provides real improvements in air conditioner efficiency depends on whether the
latent to sensible cooling provided after the compressor cycle is credited towards overall cooling
capacity. Arguments can be made either for or against such accounting depending on the
prevailing site humidity conditions.
However, a recent study by Shirey, Henderson and Raustad (2006) conclusively shows that post
compressor fan delays can severely impact humidity removal. In that study it was observed that
with a 20% compressor runtime fraction (12 minutes per hour), the space moisture removal rate
was reduced by 44% with the commonly utilized 90 second post compressor fan delay. It should
be noted that collected condensate is actually the superior metric to gauge space moisture removal
as coil moisture can be reintroduced to the space either by the post compressor fan delay, or even
passively during evaporation and natural convection flow after compressor operation.
While post compressor operation fan delay can adversely impact humidity removal performance,
when space conditions are already dry (a dry season or dry climate), the moisture on the coil can
be used to provide sensible cooling at very high efficiency. Here, the wetted coil operates like an
evaporative cooler. At the end of the compressor cycle, the supply air fan moves the collected
moisture back into the room by providing sensible cooling and also not over-dehumidifying the
space.
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Figure G-3 below shows data from Shirey, Henderson and Raustad (2006) for a 2.4 ton A-coil
operating at 970 cfm with room conditions of 80ºF and a 51% relative humidity.
COIL2_TEST_4B_10B_16B_22B_25B 11/14/02 10:07:57 Cycle #2 (Comp ON time: 45.0 minutes)
25

Integrated Moist (delay of 1.0 min)
Mass twet

QS= 21.8

Sens (lb & min):
Lat (lb & min):

1.98 17.0
1.97 16.9

Capacity (MBtu/h)

20

15

11.9 (gamma = 1.60)
10
QL= 7.4
QC= 6.7
Integration Pt

5

16.3 min
0
0

20

79.9 F, 60.4 F dp, 51.5 %
Run 4
1.5 hz, 76.6 psi, 967 cfm, 30.04 in Hg

40

60

80

100

time (minutes)

Figure G-3. Sensible (green) and latent (red) cooling performance of a 2.4 ton coil with 80ºF room
conditions and a 51% relative humidity, pre and post compressor runtime. Note the sensible cooling
via latent evaporation which begins immediately after the cessation of compressor operation.
Condensate (blue) is not removed from the space until 16.3 minutes into operation.

Note that when the compressor is operating the unit is producing about 29,000 Btu/hr of cooling–
8,000 Btu/hr of latent removal and 21,000 Btu/hr sensible. As power demand was about 2,735
Watts, the operating total EER is about 10.6 Btu/Wh (sensible EER is about 7.7 Btu/Wh). Note
however, the latent to sensible cooling that begins with the end of compressor operation. Initially,
the sensible cooling rate post compressor cycle is 11,900 Btu/hr. Under the standard assumptions,
the fan power would be approximately 355 Watts with a net sensible cooling of 10,700 Btu/hr at
an EER of 30.1 Btu/Wh – nearly four times the sensible efficiency during the compressor cycle.
Of course, the post compressor fan-only cooling rate falls over time as the coil is dried. For the
humidity-responsive control developed for this project (see next section), the fan run period was
extended for six minutes (240 seconds) after the compressor on cycle during dry indoor conditions.
Again, using the above data, we see that the coil latent to sensible cooling rate has dropped to
about 8,000 Btu/hr or about 6,800 Btu/hr net. At the post compressor cycle overrun termination,
the operating sensible EER remains 19.2 – more than twice as efficient as the compressor sensible
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EER. This means that under dry room conditions, such a post compressor over-run fan delay will
significantly improve cycle cooling efficiency. On the other hand, if room conditions have more
moisture than desired, no post compressor fan runtime should be used.

Description of Control Algorithm
The key potential shown in earlier experimental results was to be applied within our control
algorithm:
•

Modulating coil air flow can be used to somewhat alter the sensible heat ratio point of the
air-conditioning system for better dehumidification under part-load conditions. For instance
at 300 cfm/ton, given data from laboratory tests, the actual increase in dehumidification
would be 7% * 1.15= 8% since the lower sensible cooling rate would increase the length of
the average run-time cycle by about 15%. Moisture removal is also improved by longer
run-times where less of the overall cycle time is spent in the first minutes where the
dehumidification rate is lower.

•

For dry interior room conditions, air flow across the cooling coil can be boosted to increase
the SHR operating point so that most of the cooling capacity is sensible. This will improve
the overall cycle cooling efficiency and reduce energy consumption for dry room
conditions.

•

Altering the post compressor fan delay will allow the following:
- Under humid conditions, less moisture will be re-introduced to the space at the end of
cycle; also upon initiation of the following cycle, the time interval until condensate
flow begins will be less which will effectively remove more moisture from the space.
- Under dry conditions, collected compressor cycle coil moisture can be used for very
efficient sensible cooling after compressor operation.

The adaptive cooling system control we implemented is designed to maximize residential air
conditioner dehumidification performance and air conditioner efficiency, by altering the variable
speed blower fan flow and end-of-cycle fan-on time delay in response to room relative humidity.
This is accomplished through a control which responds to indoor humidity. The concept has the
potential to both improve air conditioner humidity removal under humid conditions and to increase
cooling efficiency under drier conditions. Advantages:
1) Climate and weather responsive humidity control for residential application. Control will tend
to moderate interior humidity conditions to be in the range of 40-50%.
2) Potential to reduce the energy use associated with air conditioner operation, particularly in
dryer climates.
3) Better cooling performance and more rapid room temperature pull-down under peak load
conditions. This is because if the temperature has been set up in a space and is very warm, the
relative humidity will naturally be lower. Due to the control operational strategy, the humidity
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sensor would determine that humidity was low and during the first duty cycle would provide
high speed blower operation and provide rapid reduction in the space temperature.

Humidity Adaptive Fan Control Logic
As first implemented, our control circuit responds to interior humidity condition when deciding
how a cooling cycle will be controlled. Essentially, the space relative humidity near the thermostat
determines which control strategy will be used throughout that cooling cycle.
There are four differing strategies which modulate the supply air fan speed and alter the post
compressor fan delay based on the space humidity.
- If RH>55%:
a) Air flow is 50% for first minute of compressor runtime (rapid coil cooling), then 80%
for next five minutes; full speed thereafter
b) Post compressor fan time delay is 0 seconds after compressor shut-off.
- If RH<55% & > 50%:
a) Air flow is 80% for first minute of compressor runtime, then 100% (full speed)
thereafter
b) Post compressor fan time delay is 30 seconds (some latent to sensible cooling)
- If RH<50%:
a) Air flow is 100% (full speed) for entire compressor operating period
b) Post compressor fan time delay is 90 seconds (moderate latent to sensible cooling)
- If RH<40%:
a) Air flow is 100% (full speed) for entire compressor operating period
b) Post compressor fan time delay is 240 seconds (significant latent to sensible cooling)

Laboratory Setup and Control Validation
Prior to installing the air handler in the field, the unit was configured and tested in the laboratory.
The unit was a basic, entry-level air handler factory equipped with an “A” frame evaporator coil,
5kW of strip heat, and a two speed permanent split capacitor (PSC) induction blower motor. Since
multiple speeds would be necessary to operate in the enhanced humidity control mode (described
above), the OEM motor was replaced with a General Electric electronically commutated (ECM)
motor. ECM motors are brush-less DC motors that are not only more energy efficient (up to 67%
savings over standard motors) but with the proper controls, can be set to operate in a variety of
operating modes and speeds. Minor modifications were made to the fan housing and brackets to
accommodate the larger motor housing.
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Once the air handler was retrofitted to accept the ECM motor, it was necessary to test the motor
operational characteristics. ECM motors can be programmed to operate according to end-user
specifications either by the
manufacturer or with specialized
software and interface. Purchase of
that package was deemed to be not
cost effective for this project and,
therefore, it was decided to work with
the generic program resident to the
sample motor. A “mock” duct system
was attached to the upper stage of the
air handler to simulate 0.1 IWC static
pressure. Using a third party controller,
the modified air handler was then
carefully tested under a variety of
conditions to determine its operational
characteristics. Figure G-4 shows the
laboratory test bench in FSEC’s highbay laboratory.
Specifically, the tests looked at the
voltage thresholds necessary to turn
the motor off and on, ramping
characteristics, and the upper and
lower flow limits. The results of those
tests allowed a satisfactory flow profile
to be obtained which then enabled
personnel to develop software for the
data logger/control module which then
operated the motor as desired.

Figure G-4. Laboratory test configuration for air
handler control verification

Upon completion of laboratory testing,
the air-handler was installed in the field test house. The installation included verification of the
refrigerant cycle operational parameters (i.e., superheat and sub-cooling) and developing an air
system flow curve. This curve was then used to calibrate the software control algorithm. Lastly, all
instruments were verified for accuracy.

Test Home Description
The field test site was a three bedroom single family home located in Cocoa Beach, Florida with
approximately 1,113 square feet of conditioned floor space. The household consists of two
working adults with the home unoccupied most of the day. The design is a simple rectangular floor
plan with the long axis facing east and west (Figure G-5).
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The ceiling of the home is split between both cathedral and attic. The house is insulated with
approximately R-19 batts in the cathedral bays and over the attic floor. Walls are concrete block
construction with no insulation. The foundation is a stem-wall, slab over grade and terrazzo floor
finish. The windows are single pane awning style with aluminum frames and comprise
approximately 19% of the conditioned floor area.

Figure G-5. Residential test home in Cocoa Beach, FL

The roof has a 2/12 pitch with standing seam galvalum panels over plywood decking. The
reflective metal surface has an approximate solar absorptance of about 35%. A flex duct system is
also present in the attic space which distributes the cooled air and is likely influenced by attic
thermal conditions. The home has a completely sealed attic and no ridge vents in place.
The home is cooled by a 2-ton split system central air conditioner with 5 kW of electric strip heat.
The air handler is located in a conditioned utility room. The interior temperature is maintained
with a manual, digital thermostat. The household practices a setback scheme wherein during
unoccupied periods the space is maintained at 80ºF, 78ºF for daytime when occupied, and 77ºF
for evening and sleeping hours.
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Air Conditioning System
The air-conditioning system is a straight cool 2-ton split system. The outdoor condensing unit is
manufactured by GrandAire (model JS3BD-024K) with a scroll compressor and R-22 refrigerant.
The modified air handler is also made by GrandAire (model GB5BN-T25K-A-05) and uses a
thermostatic expansion valve (TXV) for refrigerant control. The blower motor was replaced with a
high efficiency GE ECM variable speed motor. The motor is operated by an EVO/ECM motor
controller manufactured by Evolution Controls Inc. The original, non-modified system
combination has a nominal seasonal energy efficiency ratio (SEER) of 13.0 Btu/W at rated
conditions. The duct system consists of R-6 flex duct of various diameters and is located in the
attic. It has been tested and sealed with mastic so that duct air leakage is low.

Instrumentation/Control
A Campbell Scientific CR10X multi-channel data logger/control module was used to record data
and control the air handler. The measured data consisted of latent and sensible conditions of both
the interior and exterior (temperature and relative humidity) air as well as the HVAC power
consumption. Indoor temperature and humidity were recorded at the thermostat with a Vaisala
Humicap capacitive relative humidity probe and platinum RTD.
Exterior conditions were recorded with a stand alone Hobo temperature and RH sensor that was
correlated to a full scale weather station maintained at the FSEC facilities. Separate pulse initiating
power transducers recorded the air handler and condenser power consumption in watt-hrs. All
instruments have a stated accuracy of +/- 3% and were recorded every 10 minutes.
Temperature control was maintained and initiated by the thermostat. Air handler run control was
such that it only operated based on humidity conditions after receiving a signal from the
thermostat. The hygrometer was located immediately adjacent to the control thermostat.

Preliminary Field Test Results
Due to many delays, we only obtained data over the last month of the project. A pre/post
monitoring protocol was used to evaluate the adaptive control. The experiment was phased such
that the air-conditioning system was operated in standard mode over a six-day period from October
16th - 21st, 2007. Standard mode operates the supply fan at full speed (425 cfm/ton) during the
compressor cycle with a 90 second fan delay at the end of the cycle.
Over the seven day period from October 22nd - 28th, the air handler fan was controlled using the
adaptive fan control strategy. The fan flow and post compressor time delay strategy utilized is
described above. A red vertical dashed line on the plots show when the control strategy was
altered.
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Figure G-6 shows the weather data from October 16th - 28th of 2007 when the tests were under
way. The period over which the tests were performed was very wet with outdoor humidity
averaging 84%RH and ranging from 56-100%RH. Outdoor dew points were also high, averaging
72.5oF and ranging from 57-79oF. The weather match over the two periods was only fair. During
the standard operating period the outdoor temperature, relative humidity and dew point averaged,
78.0oF, 86.4% and 74.0oF, respectively. The period with the adaptive control was somewhat cooler
and drier. The outdoor conditions averaged 76.4oF, 83.1% with a 71.4oF dew point.

Figure G-6. Outdoor weather data over the duration of the test

Figure G-7 shows the collected interior humidity level and the air handler and compressor power
over the two-week experiment. As the house is occupied and the thermostat is setup when the
household members are away, the length of the setback varies, which also exerted variation on
measurements in the periods when the space cooling system was operating.
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Figure G-7. Interior relative humidity and AC power during test

Over the period where the standard control method was used, the space interior humidity averaged
43.3%RH whereas it was actually higher at 45.7%RH over the period where the adaptive control
was used. This was mainly due to the target humidity levels with the adaptive control which center
on 45% relative humidity. Thus, the adaptive control tended to increase the space RH by
increasing cooling efficiency with longer fan delays.
Space cooling energy use was lower in the post period – albeit with lower prevailing outdoor
temperature conditions. Condenser power averaged 443 Watts (10.6 kWh/day) in the standard
mode period and 310 Watts (7.4 kWh/day) in the period with the adaptive control. Air handler
power average 37 Watts (0.9 kWh/day) under the standard operating mode versus 28 Watts (0.7
kWh/day) with the adaptive control mode. The average temperatures maintained in the space was
fairly similar over the two periods: 77.2ºF with the standard control scheme and 77.7ºF with the
adaptive control. Overall, space cooling energy was 30% lower under the scheme where the
adaptive control was used. Although there were weather differences over the two periods, it does
appear that there were some energy-related savings although these are likely much lower than
30%. However, longer-term testing will be needed to isolate such effects.
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However, a key indication of how the air handler fan was controlled during the two periods is the
ratio of the fan power to the compressor power. If the post compressor fan delay was shorter with
the new control and the flow rate was lower as higher RH was encountered, we would expect to
see the ratio of supply air fan power to compressor power lower during the period with the
adaptive control. In fact, we found the opposite– fan power was 10% greater relative the
compressor power with the adaptive control. This would indicate that longer fan delays were
typically invoked during the period where the adaptive control was used. Examining the adaptive
control data, this is not unexpected as there were significant periods during the time when the
adaptive control was used when the relative humidity at the beginning of the control cycle was less
than 40%. This occurred 10% of the time or 18.2 hours during the seven test days with the
adaptive control (with space relative humidity less than 40%). During these periods a 240 second
post compressor time delay is implemented. This can be expected to raise space interior relative
humidity at the end of the cycle, although with the benefit of providing additional high-efficiency
sensible cooling.
One expectation of the control would be that it would tend to modulate the interior moisture levels
and decrease the amplitude of interior humidity swings from one period to the next (not too dry/not
too wet). The control logic, as implemented, would tend target a stable interior humidity of about
40-50% RH. A weak influence of this type may have been observed as seen in Figure F-7, but
there were no large differences seen in interior moisture levels. This shows the first two days with
the adaptive control where there was no user thermostat setback to confuse matters. Note that the
daily variation in interior relative humidity variance is slightly lower than the two days preceding
the implementation of the control.
In any case, the indoor relative humidity levels at the field test site were considerably lower than
expected. There were no periods were the space relative humidity was greater than 55% where no
fan delay and fan speed modulation would have been used with the adaptive control. Thus, in
future testing we intend to reduce the humidity control points by 5%.

Conclusions
Within our research effort, we developed an indoor humidity responsive air handler control such
that humidity control and energy efficiency is optimized. The control system utilizes the following
features:
•
•
•

Variable speed indoor blower
Thermostat with relative humidity sensor
Control integrated circuit with logic to select fan speed and fan delay

The control system was successfully implemented and demonstrated in the laboratory. Some test
data were collected at the end of the project. Unfortunately, the humidity control points selected
were too high for the space in which it was installed. We did see, however, evidence that the
control system did achieve a fundamental objective modulating the space humidity so that there
was less deviation in the space humidity from 50% RH after the control was installed. We also saw
somewhat lower space cooling energy use with the adaptive control in use. However, due to the
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variable weather over the test periods, a much longer series of flip-flop tests of the control
strategies will need to be done to isolate the true impacts.
Future testing will modify the humidity control points for further evaluation as well as fine tune
the fan speed modulation response and the fan delays at the end of the compressor cycle.
It is anticipated that such a system may be able to modestly reduce interior relative humidity by 13% in typical applications in humid climates. However, as the air-conditioning system still must
operate to produce moisture control, such a system cannot substitute for the need for
dehumidification systems under very low SHR conditions (see Henderson et al. 2007). Still,
improvements in conventional AC system performance, both for humidity control and for optimal
energy efficiency, are likely available simply through the use of a fan control system which takes
advantage of standard coil operating characteristics.
With demonstrated effectiveness, the control system is broadly applicable to the manufacture of all
new air-conditioning systems that use variable speed blowers. Within ten years, such variable
speed systems will likely encompass most unitary air-conditioning systems sold in the U.S.
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